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ABSTRACT

Mining companies have been playing an important role for the utilization of the Earth’s
natural resources for the prosperity of human society. However, the mining of resources has
generated solid wastes called tailings that have become a serious environmental threat
worldwide. Technologies such as soil caping have been used to remediate the problem.
Nevertheless, the remediation of mine tailings using conventional technologies is costly and
environmentally unpleasant. Since the last few decades, a plant based technology known as
phytoremediation has appeared as a promising alternative. Several plant species have
demonstrated to have phytoremediation capabilities; though, best results have been obtained with
indigenous species. In 1991, the former Phelps Dodge Mining Company initiated a reclamation
project at a copper mine tailing in Globe, AZ, USA. The project included the deposition of 20 cm
of local soil to cover the tailing. Subsequently, several species of local shrubs and grasses were
sown in the soil-covered tailing. Screening the phytoremediation potential using native plants to
clean up such a mine tailings as in Globe, Arizona, USA, was investigated in this research. In the
present research, samples of plants, soil cover, and tailings were taken periodically since 2006.
Additionally, seeds of some species growing at the site were collected for further studies.
Analyses were performed to determine the element concentrations in soil media and plant
tissues, the relationship between elements in tissues/elements in the growth media, physiological
effects of elements in plant growth, comparison of better adaptive seeds, elemental uptake in
different ages of plants, and cellular localization.
X-ray fluorescence and inductively coupled plasma-optical emission spectroscopy were
used to determine the concentration of metals/metalloids in the soil cover and tailings. Based on
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concentration, elements were classified as high and low level elements. The concentration of Cu,
Pb, Mo, Cr, Zn, and As, in tailings was 526.4, 207.4, 89.1, 84.5, 51.7, and 49.6 mg/kg,
respectively. The concentration for both level elements in the soil cover was 10~15% higher than
that of the tailings except for Cu and Mo.
The concentration of Cu, Pb, Mo, Zn, As, and Cr was determined in the roots and shoots
of plants grown at the site. The highest accumulation of Cu was in salt cedar root (Tamarix
ramosissima) (1090 mg/kg dry weight) and mesquite shoot (Prosopis spp.) (2117 mg/kg dry
weight); Pb and Mo in whitethorn acacia (Acacia constricta) root (422 and 482 mg/kg,
respectively) and mesquite shoot (1157 and 3757 mg/kg, respectively); As in desert broom
(Baccharis sarothroides Gray) root and shoot (45 and 37 mg/kg, respectively); Zn and Cr in
mesquite root (3797 and 77 mg/kg, respectively) and shoot (8548 and 245 mg/kg, respectively).
Considering all hyperaccumulating criteria, mesquite tops the list of metal hyperaccumulation
followed by whitethorn acacia, desert broom, salt cedar and grasses (Vetiver zizanioides).
However, a combination of all these plants would be a better option for phytoremediation of Cu,
Pb, Mo, Zn, As, and Cr at the site.
The growth and element uptake by the offspring of mesquite plants grown in the tailing
(site seeds, SS) and plants derived from vendor seeds (VS) were compared. Plants that originated
from SS grew faster and longer than plants grown from VS. At 1 mg L-1, the concentration of all
elements in SS plants was significantly higher compared to control plants and VS plants. The
results suggest that SS could be a better source of plants intended to be used for
phytoremediation of soil impacted with Cu, Mo, Zn, As, and Cr. In addition, the uptake of
elements between old and young plants of mesquite, whitethorn acacia, and desert broom was
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compared because of the phyto-harvesting application. Results showed a lower concentration of
Cu in the old plants than that of the young plants of the same species.
Scanning electron microscopy studies revealed the distribution of elements within the
seedlings’ tissues, dominantly accumulated in the cortical and vascular (xylem) regions of root
tissues. In the stem, most of the elements were found within the xylem tissue. Infrared
microspectroscopy studies showed the changes in plant structure induced by metal treatments. A
high concentration of protein in the xylem and epidermis with a fairly homogenous distribution
throughout the cortex of untreated root tissue was observed in the untreated root tissue.
In summary, this research has shown that native plants can efficiently be used to
phytoextract and/or phytostabilize excesses of chemical elements in metals/metalloids impacted
site.
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Chapter 1
INTRODUCTION
What is a research? According to Einstein, “If we knew what it was we were doing, it
would not be called research, would it?” However, all researchers and scientists do know that
they are looking for “A sustainable solution for a better world” throughout their research. Such a
sustainable and environmental friendly solution has been searching for the clean-up of
contaminated areas, a growing concern among the scientists and researchers as well as for the
global sustainability.
Presently, there are thousands of contaminated sites around the world. A report (Begonia
et al., 2004) indicates that there are 50,000 metal-polluted areas in the USA that need
remediation. Several areas are now considered superfund sites (Begonia et al., 2004) and 1200
sites are on the National Priority List (NPL) (Mulligan et al., 2001). Elevated lead (Pb)
concentrations in soils have been found near metal smelters or mining activities in several
countries (Ross, 1994). After the industrial revolution, a huge amount of toxic chemicals were
disposed into the environment from various anthropogenic activities; including industry,
agriculture, mines, transportation, settlement, etc. Those chemicals traveled by ground water and
surface water from one place to another place. Consequently, the contaminants produced a
potential risk to human health and the ecosystem. Therefore, clean-up of those contaminated
sites has become a challenging issue in the 21st century.
The two most common processes of clean-up are land filling and incineration. Both
methods are usually expensive, time consuming, and have secondary pollutants. As a result,
clean today is not clean for tomorrow. In order to avoid the problems of both methods, a
1

relatively new and economic (Table 1.1) approach called phytoremediation has been proposed
into the modern technology that was seeking for it. There are numerous definitions about
phytoremediation but the conclusive one is, “The use of green plants for in situ removal of
pollutants from wastewater, groundwater, and soils contaminated by organic xenobiotics, heavy
metal, and radionuclides.”
Table 1.1: Remediation cost between conventional technologies and phytoremediation
(Cunningham et al., 1995)
Conventional

Contaminants
Water soluble/ volatile compounds
Compounds requiring land-filling or low
temp. thermal treatments
Materials requiring special land-filling or
high temp. thermal treatment

Technology

Phytoremediation

$10-100 per m3 soil
$ 60-300 per m3 soil
$ 200-700 per m3 soil

Incineration

$ 100 per m3 soil

Radionucleides

$ 1000-3000 per m3 soil

$ 0.02-1.00 per m3
soil ($200-10,000 per
hectare) of cropping

Phytoremediation can be used to clean up contamination in several ways. Phytoextraction
or accumulation - plant roots can remove metals from contaminated sites and transport them to
leaves and stems for harvesting and disposal or metal recovery through smelting processes.
Phytostabilization - plants immobilize metals by adsorption to root surface. Rhizofiltration plant

roots

absorb

the

contaminants

from

the

polluted

waters

and

wastewaters.

Phytovolatilization - plants take organic contaminants through the roots, transport them to the
leaves, and release the contaminants as a reduced or detoxified vapor into the atmosphere.
Phytodegradation - organic contaminants are absorbed inside the plant and metabolized to nontoxic molecules by natural chemical processes within the plant. Phytorestoration - it is referred
2

as the revegetation of uninhabited soils, thus avoiding the dispersion of contaminated soil
particles. Microorganism stimulation - plants excrete and provide enzymes and organic
substances from their roots that stimulate growth of microorganisms such as fungi and bacteria
(Salt et al., 1998).
Phytoremediation has been tested successfully in the field to clean up petroleum
hydrocarbons, polycyclic aromatic hydrocarbons, polychlorinated biphenyl, etc from many
contaminated sites all over the world. Phytoextraction has been applied for removing ionic lead
from a contaminated site situated at Twin Cities Army Ammunition Plant (TCAAP) in Arden
Hills, Minnesota, USA. Another field application of phytoremediation called phyto-genetic is
carried out at a former manufactured gas plant (MGP) site in Athens, GA to remove benzo-apyrene (USEPA, 1998). A constructed wetland near Aveiro, Portugal (Vashegyi, 2005), has
treated industrial effluents containing nitrogenous aromatic compounds from both an aniline and
nitrobenzene production plant.
All these successful field applications of phytoremediation have opened a new door for
clean-up in the modern technology. Thus, it can be concluded with great enthusiasm that the
cost-effective, safe, and successful method of phytoremediation will allow science to contribute a
giant step towards the treatment of hazardous waste sites from all over the world.

1.1

Problem Background
Utilization of the earth’s natural resources is fundamental to the survival and prosperity

of society. However, removal of natural resources from one environment to another for
utilization impacts both environments to some extent. Tailing from mining activities is one of the
best examples of such a scenario.

3

There are numerous tailing impoundments containing copper and other metals in the
vicinity of the copper mine tailing reclamation project (CMTRP) situated north of Claypool, Gila
County, Arizona, USA (Fig. 1.1). It is approximately 80 miles East of Phoenix, Arizona, USA in
the Globe-Miami mining district. The climate of the Globe-Miami district is generally mild and
characterized as semi-arid. Maximum temperatures, occurring in June and July, generally range
from 104°F (40°C) to 108°F (42°C) and rarely exceed 110°F (43°C). December and January are
normally the coldest months when minimum temperatures may fall within the range of 11°F (11.7°C) to 22°F (-5.6°C) during the early morning hours. The annual average total precipitation

Figure 1.1. Location of the copper mine tailings reclamation project sites (2 to 6) and sampling
locations (A to E) at Claypool, AZ, USA. Five of the six impoundments (No’s 2, 3,
4, 5 and 6) are contiguous. No. 1, the northernmost impoundment, is separate.
4

is 18.05 in (45.8 cm) (Jones, 1991). The reclamation project, comprised of 6 tailing
impoundments covering an area of approximately 1100 acres (445.2 ha), was initiated in 1989.
Copper is the primary product mined in the Globe-Miami mining district.
The excess of heavy metals and metalloids released from mine tailings may cause severe
damage to ecosystems including plants, animals, micro-organisms, and human health (Kim et al.,
2003). Uncontrolled mining activities can generate a large amount of particulate emissions and
waste containing heavy metals and metalloids that can contaminate the surroundings—soil,
water, and air. Such effects may be particularly serious and may pose a severe ecological and
human health risk when mining activities are located in the vicinity of urban environments.
Therefore, it is necessary to minimize or mitigate the impact of resource utilization to the
reasonably feasible extent. Using conventional technologies to mitigate those impacted sites
could be very expensive. Many plants [desert broom (Baccharis sarothroides), mesquite
(Prosopis spp.), whitethorn acacia (Acacia constricta), salt cedar (Tamarix ramosissima), and
grass (Vetiver zizanioides)] are established at the CMTRP (Fig. 1.2). Since these plant species
are surviving at the CMTRP, it may be important to identify their phytoremediation potential.

Figure 1.2. Desert broom, mesquite, whitethorn acacia, and grasses are grown in the tailings
(left) and salt cedar in the evaporation pond (right) at the CMTRP in Claypool,
Arizona, USA.
5

1.2

Native Plants
The use of local plants is one of the key parameters for the successful phytoremediation

application. Recently, Iowa Praire Network (IPN) stated that “Local seeds facilitate reclamation
and/or remediation easier than seeds collected from another location and/or environment that are
many miles from the planting site”. Therefore, plants and grasses that are grown in this CMTRP
are considered as native (local) plants and their brief description are given below.
1.2.1

Whitethorn Acacia (Acacia constricta)
It is a small, thorny, spreading tree, 2 to 10 feet tall, common on slopes, mesas and along

washes between 2,000 and
6,500 ft. elevation. It is an
attractive shrub, especially
in spring when it is covered
with small, orange-yellow,
fragrant globular flowers.
The seeds are sought after
by

birds

and

small

mammals (Epple, 1995).

Figure 1.3.

Whitethorn acacia and its growing region in USA
(shadow area in the map).

1.2.2 Desert Broom (Baccharis sarothroides Gray)
Desert Broom is a multi-branched, erect or spreading evergreen shrub with very narrow,
linear leaves which persist year-round, but may be shed in drought and become more numerous
6

during summer rains. According to Forrest Shreve
(1951), "The dominant plants of the sandy flood
plains

throughout

the

Arizona

Upland

are

Hymenoclea monogyra and Baccharis sarothroides
[Desert Broom], both of which are shrubs of rapid
growth and of such habit that partial burial by sand
does not interfere with their growth." Both appear
where periodic flooding over a rather wide
floodplain produces occasional deposits of sand.
Where sand reaches depths of three feet or more,
water infiltration is rapid, and the quick drying of
surface sands retards water loss, enabling these
plants to become established quickly after flash
floods. They both then tend to catch silt in

Figure 1.4. Desert broom and its
growing region in USA
(shadow area in the USA
map).

subsequent floodings and contribute to the building
of new terraces (Epple, 1995).

1.2.3 Mesquite (Prosopis spp.)
Mesquite is one of the most important exploited trees of many deserts worldwide (Felker
and Guevara, 2003). They have narrow, bipinnately compound leaves 2 to 3 inches long, of
which the pinnules are sharply pointed. Some common species of mesquite are honey mesquite
(Prosopis glandulosa), velvet mesquite (Prosopis velutina), creeping mesquite (Prosopis
strombulifera) and screwbean mesquite (Prosopis pubescens). Mesquite is an extremely hardy,
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drought-tolerant plant because it can
draw water from the water table
through its long taproot (recorded at
up to 190 ft in depth). However, it
can also use water in the upper part of
the

ground,

depending

upon

availability. The tree can easily and
rapidly switch from utilizing one
water source to the other.

1.2.4

Figure 1.5. Mesquite and its growing region in USA
(shadow area in the USA map).

Salt Cedar (Tamarix ramosissima.)
Salt cedar species are spreading shrubs or small trees, 5-20

feet tall, with numerous slender branches and small, alternate, scalelike leaves. The pale-pink to white flowers are small, perfect, and
regular, arranged in spike-like racemes. The distinct petals and sepals
occur in fours or fives (Hitchcock and Cronquist, 1961). Salt cedar
consists of 90 different species. Of these 90 species, only 8 have been
introduced into the United States and furthermore, only 2 of these 8
species pose a significant threat to the natural ecosystems of the Figure 1.6. Salt Cedar
Southwest: Tamarix parviflora and Tamarix ramosissma. It can be
found primarily in Colorado, Utah, Kansas, Texas, New Mexico,
Wyoming, and Arizona.
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1.2.5

Vetiver Grass ((Vetiveria zizanioides L.)
A dense, clumping, non-running, perennial grass to 1.5

meters tall, native to Asia; growing from a deep, thick, matting
root system that can delve deep into the earth 1-3 meters.
Leaves 8mm wide stand stiff and erect. Whorled flower stems,
usually taller than the leaves, have fine grass-like flowers with
a bronze tinge. Vetiver grass, due to its unique morphological
and physiological characteristics, which has been widely
known for its effectiveness in erosion and sediment control, has

Figure 1.7. Vetiver Grass

also been found to be highly tolerant to extreme soil conditions
including heavy metal contaminations (Truong and Baker 1998).

Table 1.2:

Characteristics of all the plants and grass that are grown in the CMTRP (Granite
Seed Company, 2008).
Whitethorn

Features

Acacia

Desert Broom

Mesquite

Saltcedar

Grass

Family

Fabaceae

Asteraceae

Fabaceae

Tamaricaceae

Poaceae

Plant Type

Shrub

Shrub

Shrub/tree

Shrub/tree

Grass

Growth Period
Seed Period

Spring-Summar Spring-Summar Spring, Summar, Spring-summar Spring, Summar,
Fall
Fall
Summar-Fall
Spring-Summar Summar
------------

Height (ft)

6

12

30

20

5

Fertility Needs

Low

Low

Low

low

low

Moisture needs

Low

Low

Low

high

low

Toxicity

None

Slight

Slight

slight

none

Palatable

low

low

medium

medium

medium
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1.3

Hyperaccumulating Plants
Hyperaccumulating plants that are often found growing in impacted areas can naturally

accumulate higher quantities of heavy metals/metalloids in their shoots than in their roots.
Presently, there is no standard rule to determine whether or not any plant is a hyperaccumulator.
However, four rules are being used successfully to determine hyperaccumulator criteria: 1) the
concentrations of heavy metal in plant shoots reach hyperaccumulating levels, Pb and Cu >1000
mg kg-1 (Baker et al., 1994), Zn >10 000 mg kg-1 (Brown et al., 1994), As >1000 mg kg-1 (Ma et
al., 2001a), Ni and Co >1000 mg kg-1 (Brooks, 1998), Cr >1000 mg kg-1 (Reeves and Baker,
2000) and Mo >1500 mg kg-1 (Lombi et al., 2001), 2) the concentrations of some heavy metals in
shoots are 10-500 times as much as those in a normal plant (Table 2.3) (Shen and Liu, 1998), 3)
the metal concentration in shoots are invariably greater than that in the roots (Baker et al., 1989,
1994), and 4) an enrichment coefficient >1 (Brown et al., 1994; Wei et al., 2002). The first
hyperaccumulators to be characterized were members of the Brassicaceae and Fabaceae families
(Salt et al., 1998). Therefore, it will be useful to identify plants having the ability to
hyperaccumulate heavy metals.
Hyperaccumulating plants for phytoremediation of mine tailings usually means
phytostabilization and phytoextraction. Table 1.3 represents the list of plant candidates suitable
for phytoremediation. It should be emphasized that these plants are generally specific to a
regional area and the type of metal contaminants present. Further, plant communities that have
naturally established on mine tailings sites indicate that the plant community stability and
diversity can even be different within the same regional area because of differences in
physicochemical factors (e.g., pH, cation exchange capacity, electrical conductivity, and metal
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content). Therefore, phytoremediation must be tailored to the physiochemical characteristics of
individual mine tailings sites.

Table 1.3:

Plant families of potential phytoremediation candidates

Plant Family

Location

Comments and Referencea

Cu

Cyprus

F (Johansson et al., 2005)

Cd, Cu, Mn, Pb, Zn

Mexico

P (Gonzalez and Gonzalez-Chavez, 2006)

Pb, Zn

USA

P (Mbila and Thompson 2004)

Aspholadelaceae Cd, Cu, Mn, Pb, Zn

Mexico

P (Gonzalez and Gonzalez-Chavez, 2006)

As

Mexico

P (Flores-Tavizon et al. 2003)

Cu

USA

G (Kramer et al. 2000)

Cd, Cu, Mn, Pb, Zn

Mexico

P (Gonzalez and Gonzalez-Chavez, 2006)

Ag, As, Cd, Cu, Pb, Zn

Ecuador

P (Bech et al. 2002)

Cu

USA

G (Kramer et al. 2000)

Cd, Cu, Mn, Pb, Zn

Mexico

P (Gonzalez and Gonzalez-Chavez, 2006)

As, Cu, Mn, Pb, Zn

USA

G (Mendez et al. 2007)

As, Hg, Mn, Pb

USA

F (Rosario et al. 2007)

Cu, Pb, Zn

USA

G (Jordan et al. 2002)

Euphorbiaceae

Cd, Cu, Mn, Pb, Zn

Mexico

P (Gonzalez and Gonzalez-Chavez, 2006)

Fabaceae

Cd, Cu, Mn, Pb, Zn

Mexico

P (Gonzalez and Gonzalez-Chavez, 2006)

Malvaceae

Pb, Zn

China

F (Shu et al. 2001)

Plumbaginaceae Cu, Pb, Zn

Spain

P (Conesa et al. 2006)

Cu, Pb, Zn

Spain

P (Conesa et al. 2006)

Cu, Pb, Zn

UK

F (Smith and Bradshaw 1979)

Pb, Zn

China

F (Shu et al. 2001)

Pb, Zn

Scotland

G (Pichtel and Salt 1998)

Pb, Zn

Poland

F (Krzaklewski and Pietrzykowski 2002)

Cd, Cu, Mn, Pb, Zn

Mexico

P (Gonzalez and Gonzalez-Chavez, 2006)

Anacardiaceae
Apiaceae

Asteraceae

Betulaceae

Chenopodiaceae

Poaceae

a

Metal Contaminants

Polygonaceae

Greenhouse studies (G), field studies (F), and plant surveys (P) are indicated
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1.4

Objectives
The objectives of this research were:
i) To determine the elemental concentration in the soil cover and tailings of the CMTRP

using X-ray fluorescence and inductively coupled plasma optical emission spectroscopy.
ii) To evaluate and characterize heavy metals (Cu, Mo, Cr, Pb, and Zn) and metalloids
(As) uptake in the roots and shoots of growing plants in the CMTRP.
iii) To investigate the seeds collected from the plants growing at the CMTRP as a better
option of seed sources. This objective was addressed by comparing the uptake of plants grown
from site seed sources that that of commercial vendor seeds.
iv) To compare the uptake of metals and metalloids by the different ages of plants (old vs
young, old vs regrow) grown in the CMTRP.
v) To localize metals and metalloids inside the plant’s tissue using scanning electron
microscopy (SEM) and to identify plant development under metal treatments at the cellular level
using Infrared microspectroscopy (IMS).

1.5

Hypothesis
This research was performed under the following working hypothesis:
Native plants that are growing at the CMTRP might have the phytoremediation potential

to cleanup heavy metals (Cu, Mo, Cr, Zn and Pb) and metalloids (As) from mine tailings. At
least one species could be identified as hyperaccumulator for one or more metals and/or
metalloids.
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Chapter 2
SCREENING THE PHYTOREMEDIATION POTENTIAL OF DESERT
BROOM (Baccharis sarothroides GRAY) GROWING ON MINE TAILINGS IN
ARIZONA, USA

ABSTRACT
This research was conducted at a copper mine tailing reclamation project (CMTRP)
located in the Globe-Miami mining district near Claypool, AZ, USA. Desert broom (Baccharis
sarothroides Gray) an environmentally friendly and available plant that may have
phytoremediation potential, grows at the CMTRP. Therefore, in this research metal
concentrations both in the tailings and plants (elemental ratio from soil to plant) were
investigated. The metal concentrations in the soil cover and tailings were determined using
inductively coupled plasma optical emission spectrometry (ICP-OES). Based on the
concentration, the elements were classified as high and low level elements. A significant amount
of Cu, Pb, Cr, Zn, As, Ni, and Co were found in the roots and shoots of desert broom.
Considering the translocation factor (TF), enrichment coefficient (EC), and the accumulation
factor (AF), desert broom could be a potential hyperaccumulator of Cu, Pb, Cr, Zn, As, and Ni
for application in phytoremediation of copper mine tailings in Arizona, USA.

2.1

Introduction
Mining companies have been playing an important role to extract the earth’s natural

resources for utilization purposes for human society. However, removal of natural resources
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from one environment to another for utilization impacts both environments to some extent.
Tailing from mining activities is one of the best examples of such a scenario. Due to the
uncontrolled release of metals and metalloids from the mine tailings to ecosystems, it may pose a
risk to the plants, animals, micro-organisms, and human health (Kim et al., 2003). Therefore, it is
necessary to minimize or mitigate the impacts of resource utilization to a reasonably feasible
extent.
A range of technologies has been used for the removal of metals for soil remediation.
Many of these methods have high maintenance costs and may cause secondary pollution. A
promising approach is the phytoremediation technology, where living plants are used to remove
trace metals from impacted sites. Significant research has been conducted on phytoremediation
for metal-sorption capacity (US EPA, 2000; Meagher, 2000; Mitch, 2002; Glick, 2003; Pulford
and Watson, 2003). A series of fascinating scientific discoveries combined with an
interdisciplinary research approach has allowed the development of this idea into a promising,
low-cost, and environmentally friendly technology (Chaney et al., 1997, 2000; Baker et al.,
1991; Eapen and Dsouza, 2005; Krämer 2005). Phytoremediation can be applied to both organic
and inorganic pollutants, present in soil substrates (e.g. soil), in liquid substrates (e.g. water), and
in air (Salt et al., 1998; Adler et al., 1994). Phytoremediation is currently divided into several
types:

phytoextraction,

phytodegradation,

rhizofiltration,

phytostabilization,

and

phytovolatilization (Salt et al., 1998). Phytoextraction and phytostabilization are considered in
this research.
However, a prerequisite for a successful phytoremediation application includes
hyperaccumulating plants that should follow the criteria mentioned in Article 1.3. Therefore, it
will be useful to identify plants having the ability to hyperaccumulate heavy metals.
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Among many plants, desert broom, an invasive plant, has established at the CMTRP.
Since it is growing invasively and surviving at the CMTRP, it is important to identify its
phytoremediation potential. To achieve this goal, the concentration of heavy metals and
metalloids in the tailings and soil cover from the mining areas were analyzed. Then the
concentration of those metals and metalloids was determined in the roots and shoots of desert
broom which was collected from five different locations. The main objectives were as follows:
(1) to determine the ability of desert broom to accumulate and tolerate heavy metals/metalloids
such as Cu, Pb, Cr, Zn, As, and Ni; and (2) to determine the elemental ratios in desert broom that
could identify this plant as a heavy metals/metalloids hyperaccumulator having the potential to
remediate impacted tailings.

2.2

Materials and Methods

2.2.1

Sampling
Sampling was carried out at the CMTRP during March 2005 and among many plants,

desert broom was collected from the mine tailings because it is an invasive species. Collected
plant samples were approximately eight to ten years old (average). At the CMTRP, there are 5
reclaimed tailing impoundments (Sites 2 to 6). Each site was divided into a geometrical shape as
shown in Figure 1.1. Then samples were collected at each intersection of Figure 1.1. Three soil
and plant samples were collected from each intersection location (A to E in Fig. 1.1) for
enhanced statistical analysis. Samples were preserved and transported properly for analysis in the
laboratory.
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2.2.3

Soil Analysis
On the surface of the sites, the top 8" (~20.4 cm) layer was considered soil cover

overlaying the tailings. Collected soil cover and tailing samples were air-dried at 70 ºC for 3
days, ground (only soil cover was ground because tailings were fine enough to sieve) and then
sieved through a 2 mm mesh to yield a homogeneous mixture. The pH value was determined in a
1:2.5 (w:v) soil: deionized water slurry. Samples were then analyzed using an X-ray fluorescence
(XRF, Fischer, Winsor, CT, USA) instrument to determine the elemental concentration of the
available elements in the soil. Based on the concentration level, samples were classified as high
and low level elements. To obtain a total extraction of high and low level elements, 0.5 g soil
samples were digested with HNO3 (trace pure, SCP Science, New York, USA) using the EPA
Method 3051 in a microwave oven (Multiwave 3000, Anton Paar, Ashland, VA, USA). The total
concentrations of elements were then determined by inductively coupled plasma/optical emission
spectroscopy (ICP/OES) (Perkin Elmer Optima 4300 DV, Shelton, CT, USA). A background
equivalent concentration experiment was performed to test the instrument sensitivity and the
following parameters were introduced: nebulizer flow, 0.7 l min−1; radio frequency power, 1450
W; sample introduction, 1.5 ml min−1; flush time, 20 s; delay time, 10 s; read time, 10 s; wash
time, 30 s; replicates, 3. Standards were prepared by dilution of 1000 mg l−1 stock solutions and
the calibration curve was obtained using 5 to 10 points including the blank. The ICP/OES uses
Winlab32 as default package to calculate metal concentrations.
2.2.4

Plant Analysis
Prior to analysis, plant samples were carefully washed with tap water and thoroughly

rinsed with deionized water to remove any soil particles attached to the plant surfaces. After
washing, the samples were oven-dried at 60º C for 24 h. The dried tissues were weighed and
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ground into a fine powder for the determination of elemental concentration. A similar digestion
procedure was followed, as described above for soil digestion. Finally, total concentrations of all
elements of interest were determined by utilizing ICP/OES, as above described.
2.2.5

Translocation Factor, Enrichment Coefficient and Accumulation Factor
The translocation factor (TF) of heavy metals/metalloids from the roots to the shoots and

the enrichment coefficient (EC) of heavy metals/metalloids in a plant, as well as the
accumulation factor (AF) of heavy metals/metalloids in the shoots to that in the shoots of plants
from non-impacted environments (Zu et al., 2005) were calculated as follows:
TF = [Element]shoot/[Element]root

(2.1)

EC = [Element]shoot/[Element]soil

(2.2)

AF = [Element]treated plant/[Element]normal plant

(2.3)

All these factors were used to evaluate the heavy metals/metalloids accumulation
capacity of plants.
2.2.6

Statistical Analysis, Quality Assurance and Quality Control
The sampling and chemical analyses were run in triplicate in order to evaluate the

experimental reproducibility. The confidence of data generated in the present investigations has
been analyzed by standard statistical methods (SPSS 11.0, Chicago, IL, USA) to determine the
mean values and standard deviation. Each data set was calculated at the 95 % confidence level (P
< 0.05) to determine the error margin (Gardea-Torresdey et al., 1996). A correlation coefficient
for the calibration curve of 0.994 or greater was obtained and computed as required to confirm
the linear range. Certified standard reference materials of metals and metalloids (Metuchen, NJ,
USA) were used for the calibration and quality assurance for each analytical batch. The internal
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certified standard, yttrium (Spex Certiprep, Trace ICP/ICP-MS Grade, Fisher Scientific,
Pittsburgh, PA 152575, USA) were used after every ten samples to monitor the matrix effect on
the analytes for quality control. Reagent blanks and analytical triplicates were also used where
appropriate to ensure the accuracy and precision in the analysis. The recovery rates were around
92 ± 8% for all of the metals and metalloids in the reference materials.

2.3

Results

2.3.1 Concentration of Heavy Metals and Metalloids in the Tailings and Soil Cover
A range of elements was identified in the tailings and soil cover collected from the
CMTRP. The elements were classified based on the concentration found as high level elements
(HLE): K, Al, Fe, S, Ca, Mg, Na, Cu, P, and low level elements (LLE): Mn, Mo, Pb, Cr, V, Zn,
Co, As, Ni. The concentrations of HLE and LLE are shown in Table 2.1 and 2.2, respectively. As
shown in these tables, concentrations of Cu, Mo, and As were 454.9, 89.32, and 49.2 mg kg-1,
respectively, which were higher than those in normal soils (Table 2.3). The concentrations of
HLE and LLE in soil cover were higher (Appx. 10~15%) than that of the tailings except for Cu
(209.5 mg kg-1) and Mo (96.5 mg kg-1). The pH values of soil cover samples ranged from 6.1 to
7.3 and the pH conditions were favorable for the plants to grow.
2.3.2 Accumulation of Heavy Metals and Metalloids in Plants
The concentration of HLE and LLE in desert broom is shown in Table 2.4. The uptake of
Cu, Mo, Pb, Zn, Co, Ni, As, and Cr in the roots and shoots of desert broom was noteworthy. The
accumulation of Cu in the shoots (1212.7 mg kg-1) tops the list, followed by Mo (106.7 mg kg-1),
Cr (104.4 mg kg-1), Pb (102.2 mg kg-1), Zn (56.1 mg kg-1), As (34.3 mg kg-1), Ni (31.2 mg kg-1),
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and Co (10.1 mg kg-1). There were significant differences (P<0.05) in the average concentrations
of the above elements, except for Zn, Mo, and As.
Table 2.1:

HLE

Concentration of high level elements (HLE) in the tailings (top row in each column)
and soil cover (bottom row in each column) in mg kg-1.
Location A

Location B

Location C

Location D

Location E

Average

118 605.3

118 779.6

119 216.2

118 906.1

119 613.2 119024.1± 201.3

105 714.2

105 886.4

105835.2

105 618.9

106 659.8 105942.8± 209.6

23 256.6

23 199.6

23 265.9

23 256.9

23 254.9

23 246.8 ± 13.5

19 753.9

20 005.1

19 993.5

20 133.82

19 901.2

19 957.5 ± 71.2

17 816.5

17 845.6

17 856.9

17 836.1

17 799.5

17 830.9 ± 11.6

15 697.3

15 429.6

15 599.3

15 589.3

15 690.9

15 601.3 ± 54.8

3346.1

3377.9

3369.3

3349.6

3351.1

3358.8 ± 7.1

2948.1

2945.6

3011.9

2989.6

2979.3

2974.9 ± 14.3

1211.3

1202.3

1214.9

1198.2

1208.6

1207.1 ± 3.4

1089.6

1098.6

1099.3

1072.8

1065.3

1085.1 ± 7.7

1212.3

1214.3

1200.9

1198.7

1184.9

1202.2 ± 6.0

1045.3

1052.9

1078.9

1069.2

1087.5

1066.8 ± 8.9

1151.2

1134.8

1156.9

1125.9

1145.9

1142.9 ± 5.4

985.9

978.9

965.8

978.8

994.8

980.8 ± 1.9

529.6

526.9

527.9

519.8

527.6

526.4 ± 1.9

456.3

455.8

452.9

450.2

459.9

455.1 ± 1.6

205.9

203.8

209.8

209.8

207.7

207.4 ± 1.3

199.6

198.7

200.1

207.3

199.6

201.1 ± 1.8

K

Al

Fe

S

Mg

Ca

Na

Cu

Pb
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Table 2.2:

LLE

Concentration of low level elements (LLE) in the tailings (top row in each column)
and soil cover (bottom row in each column) in mg kg-1.
Location A

Location B

Location C

Location D

Location E

184.15
170.65
158.32
151.23
91.56
107.31
89.02
80.26
58.23
50.12
55.23
40.12
50.21
41.25
41.12
29.79
34.25
29.12

182.39
165.87
159.26
154.68
90.09
108.37
86.36
80.31
57.89
49.99
51.02
40.23
51.26
40.23
40.12
30.12
35.69
28.78

180.66
166.74
160.08
151.78
87.29
110.21
84.52
81.12
58.21
51.26
52.03
41.26
49.63
40.36
39.23
31.02
36.02
28.97

179.48
168.92
149.89
152.47
87.12
111.37
85.25
77.9
56.94
48.56
49.96
39.94
48.21
39.9
38.95
30.88
35.98
27.03

179.39
165.76
159.36
151.11
89.41
125.31
81.87
74.59
57.01
50.21
50.12
39.12
48.69
38.21
38.99
31.12
36.01
30.12

P
Mn
Mo
Cr
V
Zn
As
Ni
Co

Table 2.3:

Average

181.21 ± 1.1
167.59 ± 1.2
157.38 ± 2.2
152.25 ± 0.8
89.09 ± 1.1
112.51 ± 3.7
84.51 ± 1.1
78.84 ± 1.3
57.66 ± 0.3
50.03 ± 0.5
51.67 ± 1.1
40.13 ± 0.4
49.60 ± 0.6
39.99 ± 0.5
39.68 ± 0.5
30.59 ± 0.3
35.59 ± 0.4
28.80 ± 0.6

Normal concentration range of elements (mg kg-1) in the soil and plants.

Elements

Normal range in soil

Normal range in plants

Cu
2 – 250a
Mo
0.1 – 40b
Pb
2 – 300a
Cr
5 – 1500a
Zn
1 – 900a
Co
0.05 – 65b
As
0.1 – 40b
Ni
2 – 750a
a
Alloway, 1995; b Bowen, 1979; c Reeves and Baker, 2000;
d
Lavado et al., 2001; e Ma et al., 2001b
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5 – 25c
5d
0.1 – 5c
0.2 – 5c
20 – 400c
0.03 – 2c
0.01 – 5e
1 – 10c

Table 2.4:

HLE

f

Concentration of HLE and LLE in roots and shoots of desert broom from the copper
mine tailings reclamation project and accumulation factor (AF) (accumulation of
heavy metals/metalloids in shoots to that in shoots of plants from non-impacted
environments)f.
Concentration (mg kg-1)
Root

Shoot

Concentration (mg kg-1)

LLE

AF

Root

Shoot

AF

K

89 736

284 004

--

Mn

344.5

2112.6

--

Al

5420.9

1469.8

--

Mo

73.9

105.8

21.2

Fe

6069.3

3354.9

--

V

39.5

84.1

--

Mg

3939.8

3470.2

--

Cr

57.1

105.5

21.1

Ca

87 548

377 981

--

Zn

40.1

55.2

2.8

Cu

818.3

1214.1

48.6

As

44.6

36.9

7.4

Pb

151.9

107.3

21.5

Ni

96.8

30.9

3.1

Co

26.7

10.9

5.5

The elemental concentration in plants from non-impacted environment is shown in Table 2.2.

2.3.3

Translocation Factor and Enrichment Coefficient
Figure 2.2 shows the translocation factor (TF) and enrichment coefficient (EC) of Cu, Pb,

Mo, Cr, Zn, As, Ni, and Co. As shown in Figure 2.2, the TF values for Cu, Mo, Cr, and Zn are
greater than 1, which indicates that these metals move more easily in the plants than Pb, As, Ni,
and Co. The EC values for Cu, Mo, Cr, and Zn were greater than 1 as well. The highest EC value
of all elements was for Cu (Fig. 2.2b) and Cr had the highest TF value (Fig. 2.2a).

21

b
Enrichment Coefficient

3

2

1

0
Cu

Pb

Mo

Cr

Zn

As

Ni

Co

Zn

As

Ni

Co

Elements

a
Translocation Factor

3

2

1

0
Cu

Pb

Mo

Cr

Elements

Figure 2.1. (a) Translocation factor and (b) enrichment coefficient of desert broom.

2.4

Discussion

2.4.1

Uptake and Accumulation
Table 2.1 and 2.2 shows the general trend that desert broom has within a broad range of

metal and metalloid concentrations in the soil (Cu > Pb > Mn > Mo > Cr > V > Zn > As > Ni >
Co). The concentration of Cu, Mo, and As in the soil of the CMTRP exceeded the ranges which
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were considered toxic to normal plants (Kabata-Pendias and Pendias, 1984), so desert broom
growing in the impacted site exhibited strong metal adaptability. Wei et al. (2005) concluded in
their research that the exclusion of metals from aboveground tissues has been regarded as a metal
tolerant strategy. The excessive metal and metalloid concentrations did not affect desert broom;
nevertheless, it seemed that it possesses metal resistance capability according to Pichtel et al.
(2000). Resistance of plants to heavy metals can be achieved by an avoidance mechanism, which
includes the immobilization of a metal in roots and in cell walls (Garbisu and Alkorta, 2001). As
shown in Figure 2.2a, Pb, As, Ni, and Co accumulated by desert broom were retained in the roots
and the TF values of less than 1 demonstrates the limited mobility of Pb, As, Ni, and Co in desert
broom. Each plant species might have a unique mechanism against any metals; however, similar
results were found in other research for Pb (Fitzgerald et al., 2003), As (Geng et al., 2006), Ni
(Nkoane et al., 2005), and Co (Page et al., 2006). The elevated metal concentrations in roots and
low translocation to the aboveground tissues in some investigated species might also suggest that
they are capable of a rather well-balanced uptake and translocation of metals under heavily
metal-polluted conditions (Nkoane et al., 2005; Deng et al., 2004).
On the other hand, the TF values for Cu, Mo, Cr, and Zn were greater than 1, which
clearly illustrates that the translocation of Cu, Mo, Cr, and Zn was higher from the roots to the
shoots. TF values greater than 1 indicate a very efficient ability to transport metals from roots to
shoots, most likely due to efficient metal transporter systems (Zhao et al, 2002) and probably
sequestration of metals in leaf vacuoles and apoplast (Lasta et al., 2000). This high metal
accumulation in desert broom indicates that an internal metal detoxification tolerance mechanism
might exist in addition to its exclusion strategies (Baker, 1981).
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Enrichment coefficients are a common important factor when considering the
phytoremediation potential of a given species (Zhao et al., 2003). In this study, EC values of Cu,
Mo, Cr, and Zn were greater than 1 (Fig. 2.2b) which indicated the phytoremediation potential of
desert broom for these heavy metals from the CMTRP. Although EC (Eq. 2) mainly shows the
metal concentration ratio between plant and soil, desert broom might adsorb/absorb some
pollutants from the air because of the blowing dust around this area. On the other hand, EC
values for Pb, As, Ni, and Co were found to be less than 1 in this study. The decrease in
enrichment coefficients may be due to the saturation of metal uptake and/or root to shoot
transport when internal metal concentrations were high. Baker (1981) concluded that any species
may act as an accumulator, an indicator, and excluder over different ranges of soil metal
concentration and this seems to be the case for desert broom for Pb, As, Ni, and Co. Desert
broom might behave differently with a higher concentration of Pb, As, Ni, and Co in the soil.
The normal concentrations of Cu, Mo, Pb, Cr, Zn, Co, As, and Ni are shown in Table 2.3.
The normal concentrations of Cu, Mo, Pb, Cr, Zn, Co, As, and Ni are the concentration when the
plants are grown in non-impacted environments. When plants are grown in a non-impacted
environment, then the concentration of the above mentioned element is considered as a normal
concentration. The concentrations of all of these elements, except Zn, in desert broom (Table
2.4) were higher than that of normal plants (Table 2.3), which showed that desert broom had a
strong ability to tolerate these elements. The detoxification tolerance to heavy metals and
metalloids is based on the sequestration of heavy metal ions in vacuoles, on binding the metals
by appropriate ligands like organic acids, proteins, and peptides and on the presence of enzymes
that can function at high levels of metallicions (Garbisu and Alkorta, 2001).
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2.4.2

Hyperaccumulator and Potential Applications to Phytoremediation
Presently, there is no standard rule to determine whether or not any plant is a

hyperaccumulator.

However,

four

rules

are

being

used

successfully

to

determine

hyperaccumulator criteria: 1) the concentrations of heavy metals in plant shoots reach a
hyperaccumulating level, Pb and Cu >1000 mg kg-1 (Baker et al., 1994), Zn >10 000 mg kg-1
(Brown et al., 1994), As >1000 mg kg-1 (Ma et al., 2001a), Ni and Co >1000 mg kg-1 (Brooks,
1998), Cr >1000 mg kg-1 (Reeves and Baker, 2000), and Mo >1500 mg kg-1 (Lombi et al., 2001),
2) the concentrations of some heavy metals in shoots are 10-500 times as much as those in a
normal plant (Table 2.3) (Shen and Liu, 1998), 3) the metal concentration in the shoots are
invariably greater than that in the roots (Baker et al., 1989, 1994) and 4) an enrichment
coefficient >1 (Brown et al., 1994; Wei et al., 2002).
In this research, the accumulation of Cu in desert broom satisfied all the above mentioned
criteria. Thus, desert broom can be called a hyperaccumulating plant. For Mo, Cr, and Zn, desert
broom can be considered as a hyperaccumulator considering the TF and EC value. Finally,
according to the accumulated concentration in plant shoots and the concentration levels
compared to plants from non-impacted environments, desert broom had hyperaccumulation
capacity for Pb, although the TF and EC values were less than 1. The response of desert broom
as a hyperaccumulator against Cu, Mo, Cr, Zn, and Pb might be by employing the strategy of
accumulation and sequestration of metals because plants have a high capacity to take up metals
by the roots and translocate and store them in the shoots (Baker et al., 2000; McGrath et al.,
2001).
Based on the results of this study, two distinct strategies of phytoremediation can be
applied at the CMTRP, phytoextraction and phytostabilization (Salt et al., 1998). Phytoextraction
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is the utilization of metal accumulating plants to transport and concentrate metals from impacted
soils to shoots, followed by gathering the aboveground tissues by conventional methods. In
phytostabilization, plants can stabilize pollutants in the soil around the root area by rendering
them harmless (Eapen and Dsouza, 2005). According to this field investigation, desert broom
exhibited a strong accumulative ability for Cu, Mo, Cr, Zn, and Pb and therefore it might be used
to phytoremediate impacted soils at the CMTRP after further research in the accumulation
mechanism. It is very important to point out that the desert broom plants naturally established
themselves at this site.
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Chapter 3
HYPERACCUMULATION of Cu, Pb, Mo, Zn, and As in DESERT PLANTS
GROWING on MINE TAILINGS in ARIZONA, USA

ABSTRACT
In this study, five plants species, Prosopis spp., Acacia constricta, Baccharis
sarothroides, Tamarix ramosissima, and Vetiver zizanioides were investigated to identify
specie’s accumulation of Cu, Mo, Pb, Zn, and As in their roots and shoots for phytostabilization
and phytoextraction potential. Plants and associated soil cover and tailings samples were
collected and analyzed for total metal concentration using ICP-OES. The average concentrations
of Cu, Pb, Mo, Zn, and As in the tailings were 526, 204, 87, 51, and 48 mg kg-1, respectively.
Results revealed that soil cover had similar concentrations of elements as the tailings. Uptake of
Cu, Pb, Mo, Zn, and As in the roots of five plants species ranged from 270 to 1090, 124 to 422,
45 to 482, 40 to 3797, and 0 to 54 mg kg-1, respectively while in the shoots ranged from 6 to
2117, 2 to 1156, 27 to 3716, 18 to 3892, and 0 to 37 mg kg-1, respectively. Concentrations of Cu,
Pb, Mo, Zn, and As were also determined in control plants and soils from a non-contaminate area
as a reference. In general, considering the TF, EC, AF, and absolute hyperaccumulating
concentration, Prosopis spp. tops the list of phytoremediation potential, followed by Acacia
constricta, Baccharis sarothroides, Tamarix ramosissima, and Vetiver zizanioides. Some of them
can be used for phytoextraction and some of them for phytostabilization of Cu, Pb, Mo, Zn, and
As at the CMTRP in Arizona, USA.
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3.1

Introduction
Mine tailings are one of the main environmental problems in post-mining landscapes and

their removal is often complicated due to their high heavy metal content and dimensions.
Covering tailings with non-polluted materials or changing their locations may reduce
environmental hazards, but this is expensive and impractical due to the large areas that the
tailings often cover. In situ stabilization by chemical amendments is not favored because of their
low durability and the need to carry out regular inspections. This technique is useful, however,
for the temporary stabilization of waste tips prior to revegetation (Tordoff et al., 2000). Among
all the techniques that can be used for in situ reclamation of mine wastes, revegetation is
considered the most suitable to achieve long term reclamation (Tordoff et al., 2000). Vegetation
can provide effective protection against wind carried polluted particles, reducing runoff and the
overland flow of water and sediments (Norland and Veith, 1995). Vegetation may also improve
nutrient conditions in the soil and form the basis for the establishment of a self-sustaining
vegetative cover (Norland and Veith, 1995).
It has been found that there are some plant species that have adapted to these conditions
and are usually present at these contaminated sites for a long time. The natural colonization of
mine tailings is usually slow, since the physicochemical characteristics of these sites are not
favorable to most plant species (low pHs, high metal concentration, low water retention capacity,
compact that obstructs root growing, etc.). Nevertheless, some of these tolerant plant species can
spread easily in these environments due to the lack of competitors (Macnair, 1987). Therefore,
the plant communities that can be found in mine tailings are frequently formed by a few plant
species. Conesa et al. (2006) reported pH and electrical conductivity as the main factors that
determine the establishment of tolerant plant species in mine tailings. In semi-arid mining zones,
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the establishment of vegetation also requires plant species adapted to drought. Some authors
have recently studied the naturally occurring vegetation that grows on and around mining zones
in arid and semiarid regions (Melendo et al., 2002; Álvarez-Rogel et al., 2004).
These adapted plants might have phytostabilization or phytoextraction potential to
remediate the site. In this study, the concentrations and bio-concentration factors of Cu, Pb, Mo,
Zn, and As of five plant species in the CMTRP located at Claypool, Arizona, USA were
investigated with the objectives i) to understand the accumulating capacity of five plant species
to Cu, Pb, Mo, Zn, and As in such environmental conditions and ii) to choose a
hyperaccumulator that would be used for the remediation of mine tailings containing the above
mentioned metals in arid and semi-arid regions similar to Arizona, USA all over the world.

3.2

Materials and Methods
The CMTRP is located in Claypool, Arizona, USA. Details about the site location and

description can be found in Article 1.1 in Chapter 1. Samples of plants and soil were collected
from 5 different locations as mentioned in Table 3.1. These plant species grew very well and
were dominant in the mine areas. Plant samples included leaves, stems, and roots for shrubs and
trees and arial parts for grass (Table 3.1). At least three individual plants for each plant species
were randomly collected within the sampling area, and then mixed to give a composite of a
whole plant sample. Control plants were also collected far away from the mine tailings where
there is no record of contamination.
Soil cover and tailings, in which plants were growing, were representative of the surface
horizon, maximum sampling depth was about 10 inches. The top 8 inches was considered as a
soil cover, and thereafter was considered as tailings. Both the soil cover and tailings were
composite mixtures of soils from the rhizosphere of each plant. The soil which was used as a soil
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cover was also collected from the original location to determine the contamination of metals
before and after putting the soil as a cover. Control soil from the rhizosphere of each control
plant was also collected. Various chemical and physical properties of the soil cover and tailings
are listed in Table 3.2. Soil pH was determined using a 1:1 water/soil ratio (Peech, 1965).
Electrical conductivity of the saturation extract was based on the preparation of a saturated paste
with distilled water (Bower and Wilcox, 1965). Other soil parameters were determined as
described in Chapter 2.

Table 3.1:

Plant Species together with their type, location, and part in the CMTRP, AZ, USA.
Species

Type

Location

Plant Parts

Acacia constricta

Shrub or Tree 33°25.69′N, 110°50.31′W

Leaves, Stems, Roots

Baccharis sarothroides

Shrub or Tree 33°24.69′N, 110°48.31′W

Leaves, Stems, Roots

Prosopis spp.

Tree

33°23.69′N, 110°40.31′W

Leaves, Stems, Roots

Tamarix ramosissima

Tree

32°29.56′N, 109°36.23′W

Leaves, Stems

Vetiver zizanioides

Grass

33°22.69′N, 110°41.31′W

Arial Parts, shoots

Table 3.2:

Chemical and Physical Properties of control soil, soil cover, and tailings.
Property

Control Soil

Soil Cover

Tailing

pH in 1:3 (solid: water ratio)

6.2~7.2

6.5 ~ 7.1

6.9 ~ 8.1

Soil Moisture (%)

61.5

62.3

65.2

Electrical Conductivity, EC (dS M-1)

8.94

9.12

2.39

Organic Carbon

120.5 ± 2.3

112.2 ± 1.3

23.1 ± 0.98

Total Nitrogen

211.2 ± 1.3

192 ± 2.1

43.3 ± 1.9

30

Preparation and analysis of soil and plant samples were carried out as described in §
2.2.3 and 2.2.4. ICP-OES was used to determine the metal and metalloid concentrations in the
soil, and the plant’s roots and shoots. Similar procedures/calculations were used to determine the
bio-concentration factors, statistical analysis and QA/QC as mentioned in § 2.2.5 and 2.2.6.

3.3

Results and Discussion

3.3.1

Soil Properties and Metal and Metalloid Concentrations
Metal and metalloid concentrations were determined in the control soil (non-

contaminated source), soil cover (before and after), and tailings with a hypothesis that a positive
correlation would exist between the metal content in the soil and the plant samples. Table 3.3
shows the concentration of Cu, Pb, Mo, Zn, and As in the control soil, soil cover, and tailings.
Control soil: Table 3.3 shows the concentration of Cu, Pb, Mo, Zn, and As in the control
soil collected from the rhizosphere of the five plant species. Although the concentration of Pb is
little higher compared to the concentration of Cu, Pb, Mo, Zn, and As, the concentration did not
exceed the normal range of Pb concentration in most typical soil (Haque et al., 2008). According
to Hendricks (2002), the concentration of Cu, Pb, Mo, Zn, and As was also noticed to be within
the normal ranges in the soil. Similar concentrations of these elements were listed by Hendricks
(2002).
Soil Cover (Before and After): Soil from the mountain, which was close to the CMTRP
site, was excavated and carried out to the mine tailings to use as a cover soil. The concentration
of Cu, Pb, Mo, Zn, and As in this soil before putting it on the top of the tailings as a cover was
measured. Table 3.3 shows similar concentration of Cu, Pb, Mo, Zn, and As between the soil
cover and in the control soil.
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Table 3.3:

Details of Cu, Pb, Mo, Zn, and As in the control soil, soil cover (before and after),
and tailings at the areas of the collected desert plants (mg kg-1).

Plant Species

Cu

Pb

Mo

Zn

As

Control Soil
Acacia constricta

17.8

37.8

2.1

0.1

0.1

Baccharis sarothroides

16.9

36.3

1.9

0.2

0.1

Prosopis Sp.

17.1

36.9

2.0

0.1

0.2

Tamarix ramosissima

16.8

36.4

1.9

0.1

0.1

Vetiver zizanioides

17.5

38.1

2.1

0.2

0.1

Average

17.2 ± 0.37 36.9 ± 2.8 2.0 ± 0.09 0.14 ± 0.05 0.12 ± 0.04
Soil Cover (Before putting on tailings)

Mountain Soila

33.3 ± 0.86 38.4 ± 0.9 3.6 ± 0.38 2.46 ± 0.10 0.18 ± 0.07
Soil Cover (After putting on tailings)

Acacia constricta

455.1

201.1

112.5

40.1

40.0

Baccharis sarothroides

451.9

189.9

110.9

39.8

39.9

Prosopis spp.

452.3

193.6

111.8

40.2

40.1

Tamarix ramosissima

450.2

198.8

110.8

38.9

37.8

Vetiver zizanioides

454.2

200.5

111.6

39.4

39.1

Average

452.8 ± 1.8 196.8 ± 4.2 111.5 ± 0.6 39.7 ± 0.48 39.8 ± 0.85
Tailings

Acacia constricta

526.4

207.4

89.1

51.7

49.6

Baccharis sarothroides

526.3

206.9

87.9

50.9

45.5

Prosopis Sp.

525.4

201.3

88.3

51.2

47.8

Tamarix ramosissima

524.9

199.9

85.2

49.9

48.3

Vetiver zizanioides

525.3

204.3

81.9

48.9

49.1

Average
a

525.7 ± 0.6 203.9 ± 2.9 86.8 ± 2.59 50.5 ± 0.98 48.1 ± 1.04

The soil from the mountain which is close to the site was cut and used for soil cover.
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On the other hand the concentrations of Cu, Pb, Mo, Zn, and As in the soil cover
collected from the rhizosphere of the five plant species grown at the site were found high above
that of the control soil. In addition, their concentration in the soil cover was found equal to the
concentration of mine tailings. Therefore, this soil cover which was used to stop the spread of
contaminants from the tailings to the surrounding environments was not achieved. Consequently,
cleanup of tailings using phytostabilization or phytoextraction got more attention.
Tailings: The tailings were mainly contaminated with Cu though elevated Pb, Mo, Zn,
and As were found as well. Total Cu concentrations in the soil samples collected from the site
were variable, ranging from 524.9 at plant species Tamarix ramosissima to 526.4 mg kg-1 at
plant species Acacia constricta (Table 3.3). The mean Cu concentration in Arizona soils is 71 mg
kg-1 (Hendricks, 2002) while the global baseline level of Cu in uncontaminated surface soils is
125 mg kg-1 (Kabata-Pendias and Pendias, 1992).
The CMTRP was predominantly impacted with Cu, however, it also contained elevated
concentrations of Pb, Mo, Zn, and As, ranging from 189.9 to 200.5 mg kg-1 for Pb, 81.9 to 89.1
mg kg-1 for Mo, 48.9 to 51.7 mg kg-1 for Zn, and 45.5 to 49.6 mg kg-1 for As (Table 3.3). Metal
concentrations in the soil samples collected from different location were highly correlated with
r=0.84 (Cu-Pb, p<0.01, N=5), 0.91 (Cu-Mo, p<0.05, N=5), 0.98 (Cu-Zn, p<0.05, N=5) and 0.66
(Cu-As, p<0.01, N=5), respectively. This means a site that has a high Cu concentration also tends
to have high Pb, Mo, Zn, and As concentrations in the vicinity of copper mine district in Globe,
AZ. This correlation also indicated that all metals and metalloids might come from similar
sources of contamination. Among the five sampled locations, tailing and soil cover collected
from the rhizosphere of whitethorn acacia had the highest concentration of Cu, Pb, Mo, Zn, and
As (Table 3.3).
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3.3.2 Metal and Metalloid Concentrations in Plants
Different plant species have different metal and metalloid accumulation capacities
(Alloway et al., 1990). Plant uptake of heavy metals from soil occurs either passively with the
mass flow of water into the roots, or through active transport crossing the plasma membrane of
root epidermal cells. Under normal growing conditions, plants can potentially accumulate certain
metal ions, an order of magnitude, greater than the surrounding medium (Kim et al., 2003). In
this study, uptake of Cu, Pb, Mo, Zn, and As by five plant species collected from 15 locations at
the site were investigated. Concentrations of Cu, Pb, Mo, Zn, and As in the plant’s roots and
shoots are provided in Table 3.4.
Copper (Cu): Cu concentrations in the plants varied from 6.6 to 2117.4 mg kg-1 (Table
3.4). The uptake of Cu by the roots of Tamarix ramosissima and Vetiver zizanioides was 1090
and 640 mg kg-1, respectively, whereas in the shoots was 7 and 133 mg kg-1, respectively. This
lower concentration of Cu in the shoots than those of roots indicates low mobility of Cu from the
roots to the shoots and immobilization of Cu in the roots. Similar observations (160 and 6.4 mg
kg-1 in roots and shoots, respectively) were reported by Stoltz and Greger (2002) although the
uptake of Cu was lower than this study. On the other hand, the uptake of Cu by the roots of
Prosopis spp., Baccharis sarothroides, and Acacia constricta was 948, 818, and 270 mg kg-1,
respectively, whereas in the shoots was 2117, 1214, and 778 mg kg-1, respectively. This higher
uptake of Cu by the shoots of these three species indicates high mobility of Cu from the roots to
the shoots and suggests hyperaccumulation of Cu by these three plants species. Overall, all plant
species uptake significant amounts (Approximately, more than 1000 mg kg-1) of Cu in their
biomass which indicates that all of these plants used Cu as an essential nutrient for their growth
and development (Mahajan et al., 2008).
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Table 3.4:

Uptake of Cu, Pb, Mo, Zn, As, and Cr in the roots and shoots of the different plant
species collected in the same areas of the soils (mg kg-1).
Plant Species

Metals
Acacia

Baccharis

constricta

sarothroides

&

Tamarix

Vetiver

ramosissima*

zizanioides

Prosopis spp.

Metalloid
Roots Shoots Roots Shoots Roots Shoots Roots Shoots Roots Shoots
Control Plants
Cu

10.2*

6.6*

11.2

12.6

12.9

15.2

---

Pb

2.3*

3.2*

4.1

2.8

1.9

3.2

---

Mo

1.9*

2.1*

1.3

1.5

1.1

1.4

---

Zn

56.3*

72.6*

43.8

54.9

41.2

60.9

As

0.0*

0.0*

1.9

0.9

0.6

1.3

---

2.3

5.6

1.2

0.6

---

0.3

0.5

---

---

2.1

1.2

---

---

0.0

0.0

Plants collected from the site
Cu

270.2

777.5

818.3 1214.1

947.9 2117.4 1089.6

6.6

639.5

133.2

Pb

422.2

442.8

151.9

107.3

404.6 1156.7

234.2

2.1

124.1

62.2

Mo

482.1

464.2

73.9

105.8

323.0 3716.5

126.9

82.2

44.6

26.6

3518.2 3891.7

40.1

55.2 3797.2 8548.2 2356.9

17.9

220.8

373.0

44.6

36.9

0.0

0.0

0.0

Zn
As
*

0.0

0.0

54.2

32.9

0.0

These values are for the non-polluted plants listed from the literature [Haque et al., 2008].

Lead (Pb): Total Pb concentrations in the plants ranged from 2 to 1157 mg kg-1 with the
maximum being in the shoots of Prosopis spp. Three plant species, Baccharis sarothroides,
Tamarix ramosissima, and Vetiver zizanioides accumulated higher amounts of Pb in their roots
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than in their shoots (Table 3.4). On the other hand, Prosopis spp. and Acacia whitethorn
accumulated more Pb in their shoots than that of their roots. However, none of the plant species
except Prosopis spp. accumulated Pb above 1000 mg kg-1 in the shoots, the criteria for a
hyperaccumulator (Baker and Brooks, 1989). Statistically, significant amounts of Pb
accumulated in the roots than in the shoots, indicating low mobility/transport of Pb from the
roots to the shoots and immobilization of Pb in the roots. Analyzing Pb concentrations in plants
collected from a dump site close to mine, Pitchtel et al. (2000) showed similar Pb concentrations
(non-detectable to 1800 mg kg-1). Also, Stoltz and Greger (2002) reported a range of 3.4 to 920
mg kg-1 of Pb concentrations in different wetland plant species collected from mine tailings.
Molybdenum (Mo): Uptake of Mo by the five plant species is shown in Table 3.4.
Although it can be seen that some plant species accumulated more Mo in roots than that in the
shoots and some plants had opposite response, however, only Prosopis spp. accumulated
significant (statistically) amounts of Mo in the shoots (3717 mg kg-1) than that of the roots (323
mg kg-1). This 11 fold more uptake of Mo in shoots than that of roots by Prosopis spp. suggested
that Mo might be used as a major nutrient for the enhance enzymatic activity of Prosoposis spp.
to build up its cell structure such as amino acids (Dwivedi et al., 2008).
Zinc (Zn): Zinc is an essential nutrient for plant growth and development. Zn
concentrations in the shoots and the roots of the five species collected from the CMTRP are
presented in the Table 3.4. The highest Zn concentration in plant species was measured in the
shoots of Prosopis spp (8548 mg kg-1). This value was more than two times higher than Zn
concentration in the roots (3797 mg kg-1). Acacia constricta also showed the highest
concentration of Zn in the shoots (3892 mg kg-1) and slightly less than that in the roots (3518 mg
kg-1). This behavior is typical for a Zn hyperaccumulating plant species as reported by
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Hutchinson et al., (2000) and Lombi et al., (2000). Tamarix ramosissima concentrated Zn mainly
in its roots (2357 mg kg-1) and much less in its shoots (18 mg kg-1). The behavior of Tamarix
ramosissima with respect to Zn concentrations suggested that, to some extent, internal transport
of metals is accomplished by diffusion (Dahmani-Muller et al., 2000).
Arsenic (As): There was no uptake of As by the roots and shoots of Acacia constricta,
Tamarix ramosissima, and Vetiver zizanioides (Table 3.4). In the beginning, it was hypothesized
that this could be due to the low As-soil partitioning coefficient (Wang et al., 2003). As
concentrations in soil samples associated with all the plant species ranged from 37.8 to 49.6 mg
kg-1, with an average of 44 mg kg-1 (Table 3.3). Considering the As-soil partitioning coefficient
according to Wang et al., (2003), the expected availability of As to the plant would be very less.
However, the uptake of As by the roots and shoots of Baccharis sarothroides and Prosopis spp.
proved that the initial hypothesis was wrong. Different plants have different phyto-toxic
tolerance mechanisms. According to Ma et al. (2001b), Acacia constricta, Tamarix ramosissima,
and Vetiver zizanioides might develop avoidance mechanism toward arsenic. On the other hand,
accumulation of As in Baccharis sarothroides and Prosopis spp. might be due to the transport of
As from the soil by other transporters such as phosphate and consequently sequestered in the
roots and shoots (Wang et al., 2002).
3.3.3 Accumulation and Translocation of Metal and Metalloid in Plants
In this research, some plant species that are grown at the CMTRP showed
hyperaccumulating potential based on hyperaccumulating requirements such as TF, EC, AF as
discussed in § 2.2.5 and some fulfilled partial requirements. However, the ability of these plants
to tolerate and accumulate Cu, Pb, Mo, Zn, and As might be useful for phytostabilization and/or
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phytoextraction for the CMTRP at Globe, Arizona. Bio-concentration factors of Cu, Pb, Mo, Zn,
and As in the different plant species growing at the CMTRP are showed in Table 3.5.

Table 3.5:

Bio-concentration factors of Cu, Pb, Mo, Zn, As and Cr in the different plant
species growing on the mine tailings in Arizona, USA.

Metals
&
Metalloid

Plant Species
Acacia

Baccharis

constricta

sarothroides

Prosopis spp.

Tamarix

Vetiver

ramosissima

zizanioides

Translocation Factor, TF = [Element]shoot/[Element]root
Cu

2.9

1.5

2.2

0.0

0.2

Pb

1.0

0.7

2.9

0.0

0.5

Mo

1.0

1.4

11.5

0.6

0.6

Zn

1.1

1.4

2.3

0.0

1.7

As

0.0

0.8

0.6

0.0

0.0

Enrichment Coefficient, EC = [Element]shoot/[Element]soil
Cu

1.5

2.3

4.0

0.0

0.3

Pb

2.1

0.5

5.8

0.0

0.3

Mo

5.5

1.2

42.1

1.0

0.3

Zn

75.3

1.1

166.9

0.4

7.6

As

0.0

0.8

0.7

0.0

0.0

Accumulation Factor, AF = [Element]site plant/[Element]control plant
Cu

117.8

96.4

139.3

---

23.8

Pb

138.4

38.3

361.5

---

103.7

Mo

221.0

70.5

2654.6

---

53.2

Zn

53.6

1.0

140.4

---

310.8

As

0.0

41.0

25.3

---

0.0
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Cu: Among the five plant species screened, Acacia constricta had the highest TF (2.9)
followed by Prosopis spp. (2.2), and Baccharis sarothroides (1.5). The chronology for EC was
Prosopis spp. (4.0) > Baccharis sarothroides (2.3) > .Acacia constricta (1.5). Finally, the AF
order was Prosopis spp. (139) > Acacia constricta (118) > Baccharis sarothroides (96). All these
three plant species had higher (> 1) TF and EC values and (> 5 to 500 times AF) that considered
them as hyperaccumulators of Cu. However, comparing with the absolute concentration of a
hyperaccumulator (Cu > 1000 mg kg-1) (Baker and Brooks, 1989), only Prosopis spp. and
Baccharis sarothroides can be considered as hyperaccumulators. Plants have an extremely high
capacity to take up metals such as Cu by roots from soil and translocate and store them in the
shoots (Baker et al., 2000; McGrath et al., 2001). Considering the AF criteria Vetiver zizanioides
(AF = 24) could be a hyperaccumulator choice for phytoextraction of Cu from the CMTRP.
Although Tamarix ramosissima did not fulfill any of the hyperaccumulator criteria, it could be
used for phytostabilization of Cu as it accumulated 1090 mg kg-1 of Cu in its roots.
Pb: Similar to Cu, Prosopis spp. had the highest TF (2.9) and EC (5.8) followed by
Acacia constricta (TF = 1 and EC = 2.1). The EC of Pb in this study was higher than those
reported by Stoltz and Greger (2002) (EC = 0.004 to 0.45) and Shu et al. (2002) (EC = 1.0) in P.
thunbergii and P. distichum, respectively. However, a low TF was achieved for Pb in all of the
plant species. Low translocation of Pb indicates that plants were unwilling to transfer Pb from
their roots to their shoots possibly due to Pb toxicity. Pb can be toxic to photosynthetic activity,
chlorophyll synthesis, and antioxidant enzymes (Kim et al., 2003). Baker and Brooks (1998) also
discussed restriction of metal uptake by plants from contaminated soils and the presence of
exclusion mechanism in such plant species. Pb concentration in Prosopis spp. was also more
than the absolute hyperaccumulator concentration (1000 mg kg-1) that made it a better
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hyperaccumulator plant than the other four plant species. In addition, Pb concentration in all the
plant species except Tamarix ramosissima was 5 times more than that of the control plants.
Therefore, all these plant species except Tamarix ramosissima can be used for phytoextraction
and phytostabilization of mine tailings.
Mo: Among all the plant species, none of them except Prosopis spp. had the uptake of
absolute hyperaccumulation concentration of Mo (1500 mg kg-1). However, higher TF value (>1)
was found as Prosopis spp.(11.5) > Baccharis sarothroides (1.4)> Acacia Constricta (1.0) and
for EC as Prosopis spp.(42.1) > Acacia Constricta (1.2) > Baccharis sarothroides (5.5) (Table
3.5). Therefore, these three plant species could be used as phytoextraction of Mo from the
CMTRP. Considering the AF value, Prosopis spp.(2655) tops the list of Mo hyperaccumulation
followed by Acacia Constricta (221), Baccharis sarothroides (71), and Vetiver zizanioides (53).
Zn: The highest TF for Zn was in Prosopis spp. (2.3) followed by Baccharis sarothroides
(1.4) and Acacia Constricta (1.1). Zn is an essential nutrient for the plant species; therefore,
higher translocation from the roots to shoots is understandable. Thomas and Eong (1984) also
observed a TF of greater than one for Rhizophora mucronata Lam. The highest EC value for Zn
was noticed in Prosopis spp. (167) followed by Acacia constricta (75). No other plants had such
a high EC in the past and therefore, both these plants could be the best plant combination for
phytostabilization of Zn at the CMTRP in Arizona. Vetiver zizanioides accumulated 311 times
more Cu in the aerial parts that that of the control plants and therefore, Vetiver zizanioides can
also be used for mine tailings phytostabilization. Chiu et al., (2006) also proposed to use Vetiver
zizanioides as a potential plant for phytostabilization of Pb/Zn and Cu mine tailings.
As: Among all the plant species, none of them were found to be a hyperaccumulator of
As based on the TF and EC criteria. However, higher uptake of As by Prosopis spp. than attained
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in this research was obtained by Aldrich et al. (2006) and Mokgalaka-Matlala et al. (2008).
Nevertheless, according to the AF obtained for Prosopis spp. (25) and Baccharis sarothroides
(41), it can be concluded that both these plants have As uptake capacities.
Cu, Pb and Zn: Among many metals and metalloids, typically Cu, Pb, and Zn were found
in the mine tailings (Yanqun et al., 2004; Dahmani-Muller et al., 2000; Tandy et al., 2008).
Therefore an uptake comparison by the all plant species for Cu, Pb, and Zn are discussed here.
From Table 3.5 it can be seen that all the plant species are not hyperaccumulators for these three
metals considering EC, TF, and AF values however, some observations were very useful. Based
on the average EC’s, plant roots were most efficient in taking up Cu, followed by Pb and Zn.
Based on the average TF’s of all plant samples, the plants were most efficient in translocating
Cu, followed by Zn and Pb. Among these three metals, the plants growing at the CMTRP were
most efficient in taking up and translocating Cu. Low translocation of Pb indicates that plants
were unwilling to transfer Pb from their roots to their shoots possibly due to Pb toxicity. As
mentioned earlier, Pb can be toxic to photosynthetic activity, chlorophyll synthesis, and
antioxidant enzymes (Kim et al., 2003). Since Zn and Cu are essential nutrients for plant
systems, higher translocation from the roots to the shoots is expected. Thomas and Eong (1984)
treated established Rhizophora mucronata Lam. and Avicennia alba Bl. seedlings in sediment
with Pb and Zn. For these two species, root accumulation and reduced translocation from the
roots to the shoots were observed for both metals.
Elevated levels of Cu, Pb, and Zn occurred in all the plant biomass collected from the
site. Normal and phytotoxic concentrations of Pb, Zn, and Cu were reported by Levy et al.
(1999), which were 0.5–10 and 30–300 mg kg−1 for Pb, 3–30 and 20–100 mg kg−1 for Cu, and
10–150 and >100 mg kg−1 for Zn. Almost all collected plant species showed heavy metal
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concentrations higher than the normal or phytotoxic levels. These results may indicate that plant
species growing on the site contaminated with heavy metals were tolerant of these metals.
Restriction of upward movement from the roots into the shoots can be considered as one of the
tolerance mechanisms (Verkleij and Schat, 1990).
In addition, a correlation was built up between the relationships of EC and TF for Cu, Pb,
and Zn. Few studies have been published to show the relationships between metal concentrations
and translocations in plants (Kabata-Pendias and Pendias, 1992, Wenzel and Jockwer, 1999).
The correlation of EC of all plant samples between two metals ranged 0.71 to 0.84 (p<0.01,
N=5), i.e. a plant, which was effective in taking up Pb, was very likely to be effective in taking
up Cu and Zn. However, the relationship between TF was different. Only TF of all plants
between Zn and Cu were correlated with r=0.69 (p<0.01, N=36), whereas no correlations of TF
were found between Pb and Cu, or Cu and Zn. This means a plant, which was effective in
translocating Zn, was also effective in translocating Cu and vice versa. However, Cu and Zn
translocation in these plants were not related to Pb translocation. Poor correlation between the
TF of Pb–Zn and Pb–Cu and good correlation between the TF of Zn–Cu may indicate that
elevated Pb concentrations can inhibit transfer of essential nutrient in plant biomass.
Plant species having higher EC’s and TF’s can be used as a phytoextraction of
contaminated soil. On the other hand, plant species having lower EC and TF values can be used
as phytostabilization of Cu, Pb, and Zn. Phytostabilization can be used to minimize migration of
contaminants in soils (Susarla et al., 2002). This process uses the ability of plant roots to change
environmental conditions via root exudates. Plants can immobilize heavy metals through
absorption and accumulation by roots, adsorption onto roots, or precipitation within rhizosphere.
This process reduces metal mobility and leaching into ground water, and also reduces metal
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bioavailability for entry into the food chain. One advantage of this strategy over phytoextraction
is that the disposal of the metal-laden plant material is not required (Susarla et al., 2002). By
using metal-tolerant plant species for stabilizing contaminants in soil, particularly metals, it
could also provide improved conditions for natural attenuation or stabilization of contaminants in
the soil. Metals accumulated in the roots are considered relatively stable as far as release to the
environment is concerned. However, studies are needed regarding the turnover of nutritive roots
and the potential release of metals from decomposing roots (Weis and Weis, 2004).
Nevertheless, further investigation is also needed to determine the effects of plant–bacteria or
plant–mycorrhizae interactions over metal uptake and translocation.
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Chapter 4
DIFFERENTIAL EFFECT OF METALS/METALLOIDS ON THE GROWTH
AND ELEMENT UPTAKE OF MESQUITE PLANTS OBTAINED FROM
PLANTS GROWN AT A COPPER MINE TAILING AND COMMERCIAL
SEEDS

ABSTRACT
The growth and element uptake by the offspring of mesquite plants (Prosopis sp.) grown
in a copper mine tailing (site seeds, SS) and plants derived from vendor seeds (VS) were
compared. Plants were grown in a modified Hoagland solution containing a mixture of Cu, Mo,
Zn, As(III), and Cr(VI) at 0, 1, 5, and 10 mg L-1 each. After one week plants were harvested and
the concentration of elements was determined by using ICP-OES. At 1 mg L-1, plants originated
from SS grew faster and longer than the control plants (0 mg L-1); whereas plants grown from
VS had the opposite response. At 5 mg L-1, 50% of the plants grown from VS did not survive,
whereas plants grown from SS had no toxicity effects on growth. Finally, plants grown from VS
did not survive at 10 mg L-1 treatment, whereas 50% of the plants grown from SS survived. The
ICP-OES data demonstrated that at 1 mg L-1 the concentration of all elements in SS plants was
significantly higher compared to control plants and VS plants. While at 5 mg L-1, the shoots of
SS plants had significantly more Cu, Mo, As, and Cr. The results suggest that SS could be a
better source of plants intended to be used for phytoremediation of soil impacted with Cu, Mo,
Zn, As, and Cr.
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4.1

Introduction
Adaptation is any change in the structure or functioning of an organism that makes it

better fitting to environmental stresses (Jules and Shaw, 1994). After the industrial revolution, a
huge amount of toxic chemicals were disposed into the environment from various anthropogenic
activities including industry, agriculture, mines, transportation, settlement, among others. Toxic
metal stress is one of the best examples of micro-evolution driven factors derived by
anthropogenic activities. A rapid rate of metal pollution can be a strong force of selection
causing rapid evolutionary changes in organisms manifested as metal tolerance occurring over
time scales of centuries and even decades (Jules and Shaw, 1994). For instance, lead (Pb) and
copper (Cu) mines produce tons of tailings (wastes) containing excess of elements that are toxic
for living organisms, even at low concentration. However, certain plants such as bent grass
(Agrotis tenuis), that grows in mine wastes, evolved tolerance to heavy metals in 400 years of
mining (Pollard, 2000).
Plants have both constitutive (present in most phenotypes) and adaptive (present only in
tolerant types) mechanisms for coping with elevated metal concentrations (Mehrag, 1994). Thus,
resistant plants are either races of widespread species that have adapted to the noxious conditions
of contaminated soils or so called metallophytes; plants that grow only on soil rich in metals
(Baker et al., 1991). Metal tolerant individuals when growing in metal free soil are competitively
inferior to non-tolerant individuals from adjacent non-metalliferous soils. This pattern seems to
be a generally applicable rule indicating that the tolerance to toxic elements evolves at a
physiological cost (Linhart and Grant, 1996).
The acquirement of metal tolerance can be demonstrated by comparing the growth in
clean soil of metalliferous and non-metalliferous soil plants. Prat (1934) was the first to show
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that Silene vulgaris had evolved metal tolerance when grew the progeny of plants from an ever
clean soil and the offspring of plants grown in the copper mine area. Also, Abreu et al. (2008)
reported that plants of Erica andevalensis and E. australis of mine heaps grown in noncontaminated soils failed to perform well compared to their counterparts. The tolerance to toxic
elements is generally under major gene control. Though, the ability of a species to evolve
tolerance seems to depend on the presence of tolerance genes at a low frequency in the
population prior to imposing the selecting agent (Macnair, 1997; Macnair et al., 2000).
There are plants which are tolerant to the unfavorable soil conditions of mine tailings and
play a major role in reclamation of degraded mine soils (Freitas et al., 2003). In this study,
mesquite (Prosopis sp.) was found to grow successfully at a copper mine tailings reclamation
project (CMTRP, the site) near Globe, AZ. Plants appeared adapted to this impacted mine site,
growing without external symptoms of toxicity. Thus, it is hypothesized that seeds collected
from these plants could pose similar tolerant mechanisms.
Previous studies have shown that the soil site has Cu, molybdenum (Mo), zinc (Zn),
arsenic (As), and chromium (Cr) at high concentrations (Haque et al., 2008). Therefore, a
mixture of Cu, Mo, Zn, As(III), and Cr(VI) at different concentrations was considered to test the
hypothesis. Thus, the objectives of this research were to compare the tolerance to these elements
of the offspring of mesquite plants grown at the site against plants grown from VS. The plants
were grown in hydroponics with a cocktail of the elements at 0 (control), 1, 5, and 10 mg L-1
each. After 7 d of growth, the plants were harvested and measured, separated in roots, and
shoots, oven dried, acid digested, and analyzed for element concentrations using inductively
coupled plasma/optical emission spectroscopy (ICP-OES). The elements determined in the
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digested samples were Cu, Mo, Zn, As, and Cr as well as iron (Fe), calcium (Ca), magnesium
(Mg), potassium (K), and phosphorus (P).

4.2

Materials and Methods

4.2.1 Standards and Reagents
All chemicals were of analytical grade and were obtained from Merck (Barmstadt,
Germany) and Perkin Elmer (Boston, MA, USA). All solutions were prepared with deionized
water (DI). All utensils and bottles utilized in the experiments were washed with 5 % nitric acid
solution and rinsed with DI. A stock solution of 1000 ± 5 mg L-1 for Cu, Mo, Zn, As, and Cr was
obtained from Merck. Standards for calibration as well as experimental solutions were prepared
from the stock solution.
4.2.2

Seed Collection
The seeds for this study were obtained from Granite Seed (Lehi, Utah, USA, VS) and

from mesquite trees growing in a copper mine tailing reclamation project (CMTRP) at Claypool,
AZ, USA (SS).
4.2.3

Medium Preparation and Seed Planting
Mesquite seeds from both sources (VS and SS) were germinated in a metal free seedbed

made from paper towels as described by Baldwin et al. (2007). After germination, approximately
20 plants from each set were transferred into 450-mL sterilized Mason jars containing a modified
Hoagland nutrient solution previously described in literature (Peralta et al., 2001). Portions of the
nutrient solution were spiked in triplicate with a mixture of Cu, Mo, Zn, As(III), and Cr(VI) at 1,
5, and 10 mg L-1 each element. All portions of the solution were adjusted to pH 5.3 and a portion
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of the solution was kept as the control (Hoagland solution only). All jars were continuously
aerated by using aquarium pumps and Tygon® tubing. After 7 d of growth, the plants were
harvested, digested, and analyzed for element concentrations.
4.2.4 Effects of Treatments on Plant Growth
To determine the effects of treatment on plant growth (evaluated as plant elongation), 20
plants/replicate/treatment were randomly selected, and the sizes of the roots and shoots were
measured. Each plant was measured from the main apex of the root to the crown and from the
crown to the main apex of the shoot.
4.2.5

Uptake of Elements
The plants were separated into roots, stems, and leaves, washed for 5 min using a 5%

HNO3 solution and rinsed with DI to eliminate external elements. Later, the samples were oven
dried at 64°C for 72 h, weighed, and digested with 6 mL trace pure HNO3 (Merck, Boston, MA,
USA) on a microwave Anton Paar, Multiwave 3000 (Perkin Elmer, Shelton, CT) following the
USEPA 3051 method (Kinston and Jassie, 1988). A 1 mL aliquot of the digest was diluted to 10
mL with DI and analyzed for Cu, Mo, Zn, As, Cr and nutrient content using an ICP-OES (Perkin
Elmer optima 4300DV, Shelton, CT, USA). A background equivalent concentration experiment
was performed to test the instrument sensitivity and the following parameters were introduced:
plasma gas flow rate of 15.0 L min-1; nebulizer flow, 0.7 l min−1; radio frequency power, 1450
W; sample introduction, 1.5 mL min−1; flush time, 20 s; delay time, 10 s; read time, 10 s; wash
time, 30 s; replicates, 3. Standards were prepared by dilution of 1000 mg L−1 stock solutions and
the calibration curve was obtained using 5 to 10 points including the blank. The ICP-OES uses
Winlab32 as default package to calculate metal concentrations. Certified standard reference
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materials of metals and metalloids (Metuchen, NJ, USA) were used for the calibration and
quality assurance for each analytical batch. An external certified standard of each element was
used after every 10 samples to monitor the matrix effect on the analytes for quality control.

4.3

Results and Discussion

4.3.1

Effects of Cu, Mo, Zn, As(III) and Cr(VI) on Plant Growth
The effect of element concentration on the roots and shoots of plants obtained from both

seed sources are shown in Figure 4.1. As revealed by this figure, no significant differences were
observed between control seedlings from both seed sources. However, the treated plants were
differentially affected. At 1 mg L-1 the roots of plants grown from SS were significantly larger
than the roots grown from VS. The same results have been observed in the case of shoots. At 5
mg L-1 only 50% of the plants grown from VS survived, whereas plants grown from SS did not
have visible symptoms of toxicity. Moreover, the mixture of elements at 10 mg L-1 each was
lethal for plants grown from VS, whereas 50% of the plants grown from SS survived. At 1 and 5
mg L-1 treatments, the roots of plants grown from SS had similar size but decreased by 44% at 10
mg L-1 treatment. In addition, shoots of plants grown from SS showed a reduction of 35% in
length at 5 mg L-1 treatment and did not decrease any further with increasing element
concentration from 5 to 10 mg L-1 (Fig.4.1B and 4.1C). On the other hand, at 1 and 5 mg L-1
most of the plants grown from VS showed 48% and 58% reduction in root length and 32% and
51% reduction in shoot length, respectively. Lou et al. (2004) reported that hydroponically
grown Elsholtria haichowensis in a medium containing Cu showed phytotoxic tolerance in terms
of plant growth/production of dry biomass. They found that at 5 mg L-1 the growth of plants was
higher compared to the growth obtained at 1 mg L-1 treatment. Similar results from the present
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study indicate that mesquite grown from SS have more phytotoxic tolerance towards
metal/metalloids than mesquite grown from VS.

A)

Figure 4.1. (A) Plants growth in hydroponics from site seeds and vendor seeds at different
treatments which are written under the plants. Length of control plant from both
seed sources are numerically different, however, statistically not significant. Length
of mesquite roots (B) and shoots (C) after 7 days of growth from site seeds (□) and
vendor seeds (▲) in hydroponic media containing different concentrations of Cu,
Mo, Zn, As(III), and Cr(VI) in the media. Data represents average of 20 plants ±
SE.
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From Figure 4.1A, it can be noticed that all plants grown from SS at 1 mg L-1 treatment
were 1.5 times longer compared to site control plants. This result suggests that the offspring of
plants grown in the mine tailing had a higher tolerance to Cu, Mo, Zn, As(III), and Cr(VI) and
that Cu, Mo, Zn, As(III), and Cr(VI) at proper concentration facilitated the plant growth,
indicating tolerance characteristics of mesquite (Yan et al., 2008, Ma et al., 2001a). Shaw (1994)
stated that plants grown in abandoned mine tailings for a long period developed a genetic
tolerance mechanism (favorable condition) towards the available metal contaminants. Therefore,
seeds collected from plants growing at the contaminated tailings could also have those genetic
mechanisms. On the other hand, plants grown from VS followed the general trends of mesquite
behavior towards metals (Senthilkumar, 2005; Liua et al., 2008).
A strong negative relationship between plant growth (root and shoot elongation) and Cu,
Mo, Zn, As(III), and Cr(VI) in tissues (when germinated from VS) was observed (Pearson
correlation coefficients -0.801, p < 0.01). However, no significant relationship was found for
these two variables in plants grown from SS. The root biomass of plants grown from SS (data not
shown) was 15 times more compared to VS. These results suggest that plants grown from SS
could be a better option for phytoremediation of mine tailings.
4.3.2

Uptake of Cu, Mo, Zn, As and Cr in Mesquite Grown from Both Seed Sources
The concentration of Cu, Mo, Zn, As, and Cr in roots and shoots of mesquite plants

grown from both seed sources are presented in Table 4.1. As seen in this table, at 1 mg L-1 the
concentration of studied metals in the roots and shoots of plants grown from SS was significantly
higher compared to VS. However, at 5 mg L-1 the concentration of Mo and As was similar in the
roots of SS and VS plants; while in the shoots the concentration of Zn was similar in the plants
of both seed sources. Studies have shown that native desert plants grown on metal contaminated
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soil tend to have the highest ion concentrations in epidermal and subepidermal tissues, as well as
in water bearing parenchyma, including various glandular structures of bracts/bracteoles and
perianth segments (Biro et al., 2005; Jules and Shaw, 1994). Due to this, a specific adaptive
protecting strategy occurs between the vegetative and reproductive phases of the resistant plants
that ensures successful survival, sexual reproduction, and seed germination. The seeds collected
from these plants carry the same genetic characteristics that make their progeny more tolerant to
metal contaminated environments compare to plants derived from seeds of the same species
collected from non-contaminated areas. Biro et al. (2005) also reported micorrhizal colonization
as a part of the survival mechanism for native desert plants to adapt to long term metal stresses.
Mesquite plants that are grown in mine tailings might have this defense mechanism which
ultimately allowed the offspring to survive and uptake more Cu, Mo, Zn, As, and Cr from the
growing media.
An analysis of the data shown in Table 4.1 has shown that at 1 mg L-1 concentration, the
roots and shoots of plants grown from SS absorbed at least 1.5 times more Cu, Mo, Zn, As(III)
and Cr(VI) compared to plants grown from VS. According to the Iowa Prairie Network (IPN),
local seeds facilitate reclamation easier than seeds collected from another location and/or
environment that are many miles from the planting site (IPN, 2008). Furthermore, the plants
derived from seeds adapted to a different area will probably be different than those adapted to the
local area. Problems include inappropriate bloom periods, and reduced tolerance to
environmental stress, among others. This would happen because a species may occur over a wide
geographical range, creating a genetic gradient to be adapted to environmental differences. This
suggests that mesquite plants originated from SS might have higher genetic tolerance toward Cu,
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Table 4.1:

Concentrations of Cu, Mo, Zn, As, and Cr in roots and shoots of mesquite plants from site seeds and vendor seeds
hydroponically grown in a solution (pH 5.3) of Cu, Mo, Zn, As(III), and Cr(VI). The plants were grown for 7 days. Data
are average of three replicates ± SD.

Cu

Cu, Mo, Zn

Mo

Zn

As(III),
Cr(VI)

Cr

Roots
Site

Vendor

Site

Vendor

Site

Vendor

Site

Vendor

Site

Vendor

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

69.3 ± 2.6

52.5 ± 1.7

35.6 ± 1.1

23.2 ± 0.8

71.2 ± 2.9

46.9 ± 1.7

1 mg L-1 947.9 ± 4.5a

527.2 ± 2.5

323 ± 15.8a

179.6 ± 1.2

5 mg L-1

836 ± 24.9

541 ± 11.9a

429 ± 9.6a

Treatment
Control

b

As

c

10 mg L-1

1211 ± 29.6
1365 ± 52

―d

599 ± 12

―

N/A

N/A

N/A

N/A

797 ± 72a

511 ± 8.3 254.2 ± 4.1a

141.4 ± 0.4

676 ± 30.1a

376 ± 12.5

2201 ± 56

1867± 23.6 445.1 ± 6.7a

369 ± 5a

782 ± 12.8

489 ± 4.8

2369 ± 71

―

672 ± 11.2

―

892 ± 20

―

Shoots
Control

79.3 ± 3

64 ± 2.1

26.6±1.4

29 ± 1.8

137 ± 4.2

89.5 ± 3.7

N/A

N/A

N/A

N/A

1 mg L-1

2117 ± 8.7a

1080 ± 23

371 ± 13a

189 ± 31

548 ± 21a

361± 57.3 332.9 ± 8.4a

169.8 ± 3.1

1245 ± 19a

635 ± 1.8

5 mg L-1

2311 ± 89

1725 ± 95

872 ± 31

711 ± 24

1964 ± 46a

312 ± 6.4

1492 ± 26

867 ± 12

10 mg L-1

1411 ± 65

b

c
a

b

―

963 ± 52

―

2011 ± 211

1693 ± 61a
―

508.4 ± 9.6
714 ± 13.5

―

1529 ± 34

Uptake of elements by site seeds are statistically higher than that of vendor seeds (α = 0.05)
Only 50% of plants from vendor seeds survived, c Only 60% of plants from site seeds survived, d None of the plants survived
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Mo, Zn, As(III), and Cr(VI) compared to VS. Furthermore, it is possible that plants grown in the
site require higher amounts of Cu, Mo, and Zn for enzymatic reactions as a mechanism of
adaptation towards contaminated mine tailings, or it is possible that these plants used these
elements as major nutrients. The translocation factors (Mattina et al., 2003) (ratio between
element concentration in shoots/element concentration in roots) for mesquite grown from both
seed sources at 1 mg L-1 treatment (Table 4.3) showed values greater than 1 for Cu, Mo, As, and
Cr. Although higher concentrations of Cu, Mo, Zn, As, and Cr were observed in plants grown
from SS, no significant differences in translocation compared with mesquite grown from VS
were observed. The high translocation factor for mesquite grown from both seed sources
indicated that the mesquite plant detoxifies itself by translocating Cu, Mo, Zn, and As. Zhang et
al. (2002) and Singh and Ma (2006) found that plants under stress usually detoxify and/or
transport the metals from the roots to the shoots. This root-to-shoot transport is a clear sign of the
metal tolerance of mesquite which suggests its phytoextraction application (Hsiao et al. 2007;
Moreno et al., 2005). Haque et al. (2008) found that Baccharis sarothroides grown at the copper
mine reclamation project also showed high translocation of Cu, Mo, As, and Cr.
On the other hand, both mesquite progenies showed a low translocation factor for Zn
(Table 4.3). This could happen since plants need extensive amounts of Zn at the root zone as it is
essential to the plant metalloenzymes (Delhaize et al., 1985; Van Assch and Clijsters, 1990).
The lower values indicate that in the conditions of this study, mesquite is not suitable for Zn
phytoextraction, but it is suggested for phytostabilization.
4.3.3

Uptake of Nutrients (Fe, Ca, Mg, K and P)
Nutrients are essential for plants to grow in both favorable and unfavorable conditions.

Every plant needs Ca to grow, develop, and maintain membrane permeability, and cell integrity
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(Mahajan et al., 2008). Fe and Mg are components of the chlorophyll pigment which gives green
color to the leaves that magnify plants photosynthesis and ultimately helps plants to grow (Lock
et al., 2007). K is essential for cell division and strong stems (Lock et al., 2007) and P is essential
for energy metabolism, activation of metabolic intermediated, and regulation of enzymes in
plants (Rausch and Bucher, 2002). A number of studies have shown that at certain
concentrations, some elements interfere with the absorption of other elements (Peralta-Videa et
al., 2002; 2003 Fritioff and Greger, 2006).
The effect of Cu, Mo, Zn, As(III), and Cr(VI) on the uptake of Fe, Ca, Mg, K, and P by
the two mesquite progenies are presented in Table 4.2. As seen in this table, the roots and shoots
of plants grown from VS at 1 and 5 mg L-1 treatments concentrated more Ca, Mg, K, and P than
plants grown from SS except for Fe. It has been suggested that a change in the vacuole and
apoplast pools, where the majority of toxic elements taken up are deposited, induce the uptake of
Ca, K, Mg, and P to form aggregates with the toxic elements and then attaching the aggregates to
cell walls (Antosiewicz, 1995). Therefore, it is hypothesized that plants obtained from VS, that
are not tolerant to the toxic elements, increased the uptake of Ca, K, Mg, and P as a detoxifying
strategy. Other possible defensive mechanisms include regulation of ion influx (stimulation of
transporter activity at low intracellular ion supply, and inhibition at high concentrations), and
extrusion of intracellular ions back into the external solution. (Krämer et al., 1996; Krämer et al.,
1997).
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Table 4.2:

Concentrations of nutrients (Fe, Ca, Mg, K, and P) in roots and shoots of mesquite plants from site seeds and vendor
seeds hydroponically grown in a solution (pH 5.3) of Cu, Mo, Zn, As(III), and Cr(VI). The plants were grown for 7 days.
Data are averages of three replicates ± SD.

Fe

Cu, Mo, Zn

Ca

Mg

As(III),
Cr(VI)
Treatment

K

P

Roots
Site

Vendor

Site

Vendor

Site

Vendor

Site

Vendor

Site

Vendor

Seeds

Seeds*

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

Seeds

Control

1012 ± 31

944 ± 35

812 ± 74a

1517 ± 112 1002 ± 321 a

1 mg L-1

856 ± 32

774 ± 23

1611 ± 215

1801 ± 140 1399 ± 201 a

2089 ± 68 14029 ± 74 a 16353 ±741

5 mg L-1

1519 ± 52

1312 ± 112

1793 ± 110

2071 ± 133

1089 ± 54 6512 ± 101 a

10 mg L-1

1711 ± 91

b
c

―d

2011 ± 321

―

876 ± 87

1695 ± 156

1211 ± 91

―

35112±874 40112 ±968 3110 ± 102a

4089 ± 56

9632 ±195
―

5125 ± 211

2994 ± 5 a 1

4484 ± 101

3074 ± 19

4099 ± 56 a

3120 ± 41

―

Shoots
Control

356 ± 21

279 ± 19

697 ± 48

1 mg L-1

112 ± 11

95 ± 9.1

4892 ± 89 a

6123 ± 139

5 mg L-1

219 ± 9.6

135 ± 11

6011 ± 254

7523 ± 211 2961 ± 114 a

10 mg L-1

244 ± 11

―d

7089 ± 108

b

c
a

b

996 ±59 3987 ± 211 a

―

3512 ± 187

2401 ± 87

5214 ± 161

24110±784 36125 ±896 10542 ±711 a 15112 ±859

4029 ± 365 19114 ±210 a 26358 ±514
4412 ± 211 27814 ±310 a
―

31259±411

10112 ± 81 14002 ±361

38121±911 11001 ±104 a
―

14745±811

10612±201

Uptake of nutrients by site seeds are statistically lower than that of vendor seeds (α = 0.05)
Only 50% of plants from vendor seeds survived, c Only 60% of plants from site seeds survived, d None of the plants survived.
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Table 4.3:

Translocation factor (TF) of mesquite plants from site seeds and vendor seeds
hydroponically grown in a solution (pH 5.3) of Cu, Mo, Zn, As(III), and Cr(VI).
The plants were grown for 7 days. Data are average of three replicates ± SD.

Cu, Mo, Zn

Cu

Mo

Zn

As

Cr

As(III),
Cr(VI)
Treatment

Site Vendor Site Vendor Site Vendor Site Vendor Site Vendor
Seeds* Seeds Seeds Seeds Seeds Seeds Seeds Seeds Seeds Seeds

1 mg L-1

2.23

2.05

1.15

1.05

0.69

0.71

1.31

1.21

1.84

1.69

5 mg L-1

1.91

2.06

1.61

1.66

0.89

0.91

0.87

0.84

1.91

1.77

10 mg L-1

1.03

1.61

―

0.85

―

1.06

―

1.71

―

―d

Fe

d

Ca

Mg

K

P

1 mg L-1

0.13

0.12

3.04

3.40

2.51

1.93

1.36

1.61

3.38

3.12

5 mg L-1

0.14

0.10

3.35

3.63

3.38

4.05

4.27

3.96

3.58

3.59

10 mg L-1

0.14

―

3.53

―

1.98

―

7.64

―

3.40

―

None of the plants survived

In addition, a translocation factor >1 for Ca, Mg, K, and P was obtained for plants grown
from both seed sources (Table 4.3). The uptake of elements into root cells is a step of major
importance for the process of phytoextraction. However, for phytoextraction to occur, elements
must also be transported from the root to the shoot. The translocation of element-containing sap
from roots to shoots is primarily controlled by root pressure and leaf transpiration (Ma et al.
2001a). Other studies have shown that mesquite has a high translocation factor (Aldrich et al.,
2006; Mokgalaka-Matlala et al., 2008).
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On the other hand, Fe was mainly concentrated in the roots of the control and treated
plants grown from both seed sources (Table 4.3). Other studies have shown that Fe plaques are
commonly found on root surfaces of aquatic plants and rice seedlings grown in hydroponics
(Chen at al., 2005; Liu et al., 2004). Iron can also be complexed and sequestered in cellular
structures (e.g., vacuole) becoming unavailable for translocation to the shoot (Lasat et al., 2002).
In addition, as the treatment increased from 1 to 10 mg L-1, TF for As also decreased from 1.31
to 1.06 for site seeds and 1.21 to 0.84 for VS (Table 4.3). It is very likely that a combination of
As with Fe occurred in roots of both types of plants (Farrell et al., 2002; Haque et al., 2008).
Thus, in plants grown from SS at 5 mg L-1 treatment, the higher Fe concentration observed
could be explained by the higher uptake of As. Studies have shown that the uptake of Fe
increased as the uptake of As increased (Tu and Ma, 2005; Haque et al., 2008). This research
shows that mesquite seeds collected from the contaminated mine tailings area could be a better
source of seeds for mine tailing reclamation projects or element phytostabilization in desert
environments.
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Chapter 5
UPTAKE OF Cu, Pb AND Zn IN DIFFERENT AGES OF DESERT BROOM
AND MESQUITE GROWING ON CMTRP IN ARIZONA, USA:
PHYTODEGRADATION POTENTIAL

ABSTRACT
The uptake and bioaccumulation of metals and other pollutants by plants is a major
environmental sink as well as a potential phytoremediation process. A significant differential
accumulation of Cu, Pb, and Zn were observed between the old and young/regrow plants of the
same species. The uptake of Cu by the stems and leaves of old desert broom was 303 and 429 mg
kg-1, respectively whereas by the regrow plants was 692 and 522 mg kg-1, respectively. The
higher uptake of Cu by the regrow desert broom, which was less than a year old, indicates rapid
uptake rate of Cu at their early stage development. On the other hand, the lower concentration of
Cu by desert broom, which was between 8 to 10 years old, might indicate low suitable activity
for Cu during their growth and development. Higher uptake of Cu, Pb, and Zn was also found in
the roots, stems, and leaves of young mesquite than those of the older mesquite plants. The
uptake rate of Cu, Pb, and Zn by the shoots of young mesquite was 5.3, 0.61, and 17.7 mg kg-1
day-1, respectively, whereas for young desert broom was 2.3, 0.06, and 0.3 mg kg-1 day-1,
respectively. According to kinetics, mesquite is a better candidate of metals uptake than desert
broom. However, both plants showed phytoaccumulation potential for Cu, Pb, and Zn at
CMTRP, Arizona, USA.
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5.1

Introduction
Because the costs of growing a plant are minimal compared to those of soil removal and

replacement from mine tailings, the use of plants to remediate impacted mine tailings is seen as
having great promise. Several recent reviews on many aspects of soil metal phytoremediation are
available (Raskin et al., 1994; Salt et al., 1996; Cunningham et al., 1995). Phytoremediation is
the use of plants to make soil contaminants nontoxic, and is often also referred to as
bioremediation, botanical bioremediation, and Green Remediation. The idea of using rare plants
that hyperaccumulate metals to selectively remove and recycle excessive soil metals was
introduced in 1983 (Chaney, 1983), gained public exposure in 1990 [9], and has increasingly
been examined as a potential practical and more cost-effective technology than the soil
replacement, solidification, and washing strategies presently used (Chaney, 1983; Salt et al.,
1996).
CMTRP started in 1989 with a goal of impacted mine tailings reclamation using the
plants that are grown at the site. Beside reclamation, phytoremediation potential of the plants that
are grown at the site was investigated. From the previous study, among many plants, Baccharis
sarothroides Gray, Prosopis spp,. and Acacia Constricta were found to be hyperaccumulators for
Cu, Pb, Mo, Zn, and As. Plants and soil samples have been collected periodically during this
research from the site to achieve the project’s goal. However, during the last visit at the site for
sampling, many regrow plants of desert broom (Figure 5.1) and many young plants of mesquite
(Figure 5.2) were noticed. Plants that were grown from the same old roots are considered as
regrow plants for desert broom (Figure 5.2).
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Figure 5.1.

Desert broom is regrowing from the same old roots. The old plant is
approximately 8 to 10 years old according to Jones (1991) whereas the regrowing
plant was only a little less than one year old.

Figure 5.2.

Old mesquite tree, approximately 8 to 10 years old according to Jones (1991),
with blooming seeds. These seeds were collected as site seeds for the Chapter 2
Study. One small young mesquite which is approximately less than one year old is
shown at the bottom right corner.
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Therefore, the objectives of this study were to determine the uptake of metals by these
young and regrow plants and compare with that of the old plants of same species. Establishing
kinetics of the metals uptake by these young and regrow plants was another goal that will help
full scale phytoremediation design for this CMTRP. The hypothesis during this study was young
and regrow plants could have a higher uptake rate of metals than that of old plants.

5.2

Materials and Methods

5.2.1. Sampling
Sampling of young and regrow plants was carried out at the CMTRP during July 2007.
Collected young mesquite and regrow desert broom samples were approximately less than a year
old. The previous sampling events were carryout out in October 2006 at the CMTRP. During this
sampling event, the regrow and young desert broom and mesquite, respectively were not seen.
Therefore, the age of these plants was considered in between these two field sampling events.
Three plant samples were collected from each intersection location (A to E in Fig. 1.1) for
enhanced statistical analysis. Samples were preserved and transported properly for analysis in the
laboratory.

5.2.2. Plant Sample Preparation, Analysis, QA/QC and Statistical Analysis
Similar sample preparation and analytical procedures were followed as mentioned in §
2.2.
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5.3

Results and Discussion

5.3.1. Uptake of Cu, Pb and Zn by the Leaf, Stem and Roots of Regrow/Young and Old Desert
Broom and Mesquite
Figure 5.3 represents the uptake of Cu, Pb, and Zn by the leaves, stems, and roots of old
and regrow desert broom. It can be seen that uptake of Cu by the old and regrow desert broom
was 429 and 522 mg kg-1 for stem and 303 and 692 mg kg-1 for leaf respectively. Additionally,
the uptake of Cu by the old and young mesquite was 948 and 1129 mg kg-1 for root, 1131 and
1412 mg kg-1 for stem and 989 and 1342 mg kg-1 for leaf, respectively (Fig. 5.4). Similarly,
Figure 5.3 and 5.4 shows substantial amount of Zn accumulation in regrow desert broom and
young mesquite than that of old desert broom and mesquite. Both regrow and young plants had
higher uptake of Cu and Zn than that of old plants. This might be due to their involvement in a
number of physiological processes such as the photosynthetic and respiratory electron transport
chains (Assche and Clijsters, 1990) and as a cofactor or as a part of the prosthetic group of many
key enzymes involved in different metabolic pathways, including ATP synthesis (Nair et al.,
2008; Cuypers et al., 2002).
On the other hand, higher uptake of Pb by the regrow and young plants of both species
were not observed compared to those of old plants except for the roots of mesquite. Low
translocation of Pb indicates that plants were unwilling to transfer Pb from their roots to shoots
possibly due to Pb toxicity. Pb is bound to cell walls or precipitated as PbPO4 or PbCO3. Pb can
be toxic to photosynthetic activity, chlorophyll synthesis, and antioxidant enzymes (Kim et al.,
2003). Baker and Brooks (1998) also discussed restriction of metal uptake by plants from
contaminated soils and the presence of exclusion mechanism in such plant species.
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Figure 5.3.

Concentration of Cu, Pb, and Zn by the leaf, stem, and parent root of the old and
regrow desert broom. Regrow desert brooms were approximately less than a year
old while the old plants were approximately 8 to 10 years old.

Figure 5.4.

Concentration of Cu, Pb, and Zn by the leaf, stem, and root of the old and young
mesquite. Young mesquites were approximately less than a year old while the old
plants were approximately 8 to 10 years old.
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An uptake rate of Cu, Pb, and Zn by the regrow desert broom and young mesquite was
calculated and presented in Table 5.1. Kinetics of metals in both plant species were in the order
of Cu > Zn > Pb. This uptake order shows that both plant species were taking Cu at a faster rate
followed by Zn and Pb.

Table 5.1:

Kinetics (Uptake rate in mg kg-1 day-1) of Cu, Pb, and Zn uptake by the regrow
and young desert broom and mesquite, respectively.
Regrow Desert Broom
Metals

Leaf

Young Mesquite

Stem

Leaf

mg kg-1 day-1

Stem

Root

mg kg-1 day-1

Cu

2.662

2.008

5.161

5.430

4.344

Pb

0.043

0.082

0.307

0.907

2.786

Zn

0.236

0.361

15.737

19.707

24.446

5.3.2. Phytoaccumulation
When the old plants are approximately 8 years older than the young/regrow plants and
considering the kinetics as presented in Table 5.1, the accumulation of Cu, Pb, and Zn should be
more than that of regrow/young plants. However, accumulation of Cu, Pb, and Zn in the old
plants of same species was always found less than those in regrow and young plants as presented
in Figure 5.3 and 5.4. Therefore, old plants grown at the CMTRP might be working as an
environmental sink for the Cu, Pb, and Zn through phytoaccumulation mechanism.
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Chapter 6
DETERMINATION OF PLANT STRESS AND CELLULAR LOCALIZATION
OF METALS IN MESQUITE BY INFRARED MICROSPECTROSCOPY AND
SCANNING ELECTRON MICROSCOPY

ABSTRACT
Cellular localization of Cu, Pb, Zn, As, and Cr were investigated in the roots, stems, and
leaves of mesquite using scanning electron microscopy (SEM). The stress of these metals and
metalloids

against

mesquite

tissue

structure

was

also

investigated

using

infrared

microspectroscopy (IMS). Scanning-electron microscopy studies revealed the distribution of Cu
and Pb within the seedlings tissues, predominantly accumulated in the cortical and vascular
(xylem) regions of root tissues. In the stem, most of the Cu and Pb were found within the xylem
tissue and Cu was found within the parenchyma of leaf tissues. Although Cr was found in the
root tissue, it was not possible to detect their location using EDX. Infrared microspectroscopy
study showed that treatment caused a marked decrease in the concentration and distribution of
protein, lipids, and carbohydrates in roots. A similar decrease of proteins and carbohydrates were
noticed in stem tissues however, they were not predominant like in the roots.
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6.1

Introduction
Presently, soil and water contamination with heavy metals is a major problem because of

its implication in the environment protection and human health (Riffaldi and Levi-Minzi, 1989).
Many heavy metals such as Cu, Pb, Zn, Ni, Co, and Mn are essential trace elements in plants, but
they become very toxic at high concentrations (Baker et al., 1998). Plants are known to
accumulate metals from their environment (Outridge and Noller, 1991) and affect metal fluxes
through those ecosystems (Jackson et al., 1994). These effects have led scientists, engineers, and
managers to be interested in metal toxicity and tolerance (Ernst et al., 1992). While previous
studies provide quantitative information on uptake of toxic ions, little is known regarding the
distribution of the sequestered material within the plant tissues.
Therefore, understanding how toxic metals affect plant development and their cellular
localization in plant tissue are important in determining the potential of a plant to remediate a
particular heavy metal. Scanning electron microscope (SEM) together with energy dispersive xray (EDS) and infrared microspectroscopy (IMS) have emerged as a tool to determine cellular
localization and probe plant structure (Sahi et al., 2007; Dokken et al., 2005). IMS permits direct
analysis of plant cell wall architecture at the cellular level in situ, combining spatially localized
information and chemical information from the IR absorbencies to produce a false color intensity
area map that can be linked to a particular morphology or functional group (Budevska et al.,
2003).
The purpose of this work was therefore to confirm the ability of mesquite grown in soil
experiment impacted with Cu, Pb, Mo, Zn, Cr, and As to sequester metals from solution and
preferentially store it in the roots and to localize the sequestered metal at the cellular and
subcellular level. Determining whether metal uptake mechanisms involve deposition/binding in
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extracellular regions and/or plasma membrane transport is essential for establishing the potential
of mesquite for genetic modification to enhance its metal uptake properties for phytoremediation
applications. In addition, this research demonstrates the use of IMS to probe biopolymers such as
cellulose, lignin, and proteins in the stem and root tissue of mesquite and to determine the effect
of metal exposure on plant structure and development.

6.2

Materials and Methods

6.2.1

Soil Collection, Preparation and Characterization
Soil was taken from the surface layer (0-30 cm) of a field close to the El Paso area. There

is no prior history of metal contamination in this area. The soil was passed through a 2mm mesh
sieve before further sterilization. Portions of 1 kg were packed in aluminum foil with no more
than 1 inch wide and autoclaved at 1.05 Kg cm-2 for 35 minutes at 120oC to avoid microbial
contamination. A representative sample of soil was analyzed for the content of organic matter,
total P, K, and N, inorganic N, NO3-, Ca, Mg, SO4=, Na, Zn, Cu, Fe, Mn, Mo, B, CEC (Cation
exchange capacity), texture, pH, and Water holder capacity (WHC). The results of this analysis
are showed in Table 6.1
6.2.2

Enriching of Soil with Cu, Pb, Mo, Zn and As
The soil was spiked with a mixture of 250 mg kg-1 of Cu, Pb, Mo, Zn, Cr, and As soil

(oven-dry basis) by dissolving the salts of each metal in the corresponding amount of water to
reach the WHC. The metal enriched soil was placed in the pot for one month to allow
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equilibrium and to promote adsorption of the added metal. After that, the soil was sampled and
analyzed for metal content which is listed in Table 6.1.

Table 6.1:

Soil analysis

Parameter

Units

Value

Method

Water Hold capacity

mL kg-1

110

Oven-dry

Loamy sand

Boyoucos

Texture

Reference
Klute,
1986

Sand

%

82.59

Silt

%

16.59

Clay

%

0.81

Organic Matter

%

0.36

Rapid dichromate oxidation

pH

pH units

7.9

pH meter

Total Nitrogen

mg kg-1

200.6

Macro-Kjeldahl

NH4 -nitrogen

mg kg-1

2.89

Steam-Distilation

NO3 -nitrogen

mg kg-1

7.22

Steam-Distilation

Phosphorus

mg kg-1

13.42

Olsen-Bray

Total Potassium

mg kg-1

1537

ICP/OES

Total Sulfur

mg kg-1

26

ICP/OES

and Jassie,

Total Calcium

mg kg-1

4728

ICP/OES

1988

Total Magnesium

mg kg-1

432

ICP/OES

Total Manganese

mg kg-1

121

ICP/OES

Total Cooper

mg kg-1

15

ICP/OES

Total Zinc

mg kg-1

ND

ICP/OES

Total Iron

mg kg-1

8372

ICP/OES
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Kinsgston

6.2.3

Pot Experiments
The study was carried out in pots inside the laboratory having a temperature of 24oC and

40% of relative humidity. Mesquite seeds were disinfected with 4% of HClO4 solution and then
germinated in plastic pots filled with 1000g of soil, 5 pots containing clean soil and 5 pots
containing soil spiked at 250 mg kg-1 of Cu, Pb, Mo, Zn, Cr, and As. Twenty-five seeds were
sown per each pot. The pots received 210 ml of modified Hoagland’s nutrient solution (Peralta et
al., 2001) two times, the first time was just before the seed was planted and the second after 7
days of seed germination. Prior to starting the treatments, pots were set up on a table in a
completely randomize design. The seedlings were wetted with tap water to 50% of WHC during
all the experiment. After six weeks of seed germination, plants were collected for the SEM and
IMS experiments.
6.2.4

Scanning Electron Microscopy (SEM)
Metal treated plants were washed properly with deionized water. Thereafter, plants were

separated into roots, stems and leaves, frozen in liquid nitrogen, and then fractured into small
pieces with a blunt knife. Samples were lyophilized to remove free water using a Labconco
freeze-dry system (Freezone 4.5; Labconco Corporation, Kansas City, MO, USA). Specimens
were mounted on copper stubs and examined using a JEOL JSM-5400 LV scanning-electron
microscope in low vacuum mode using backscattered electron imaging.
6.2.5 Infrared Microspectroscopy (IMS)
Similar to SEM analysis, plants were cryosectioned in stems and roots as previously
described by Dokken et al. (2005) using a TBS Minotome Plus (Triangle Biomedical Sciences,
Durham, NC). The stem and root tissues were frozen onto specimen blocks surrounded by Tissue
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Tek (Sakura Finetek USA, Inc., Torrance, CA) at -40ºC, in preparation for sectioning at -20ºC.
The 4 µm thick frozen sections were thaw mounted onto infrared-reflecting “E” glass microscope
slides (Tienta Sciences, Indianapolis, IN). The slides were then stored at room temperature until
analysis. FTIR microspectroscopy was conducted on a Spectrum Spotlight 300 FT-IR
microscope (Perkin Elmer, Phoenix, AZ). The narrow-range, internal mercury cadmium telluride
(MCT/A) detector was used, covering a range of 4,000-700 cm-1. The IR spectra were collected
in reflection mode at a resolution of 8 cm-1 with 32 scans co-added to reduce signal to noise
ratio. Each spectrum is ratioed to a reference, taken at an empty part of the low “E” slide, which
was recorded with the same parameters and conditions (128 scans used for reference). A 6.25 µm
square aperture was used for generating IR maps of the stem and root sections. Functional group
area maps were constructed using Spotlight software version 1.1 (Perkin Elmer, Beaconsfield,
United Kingdom). IMS spectra were expressed as absorbance and a baseline correction was used
to generate the final spectra.

6.2

Results and Discussion

6.2.1

Scanning Electron Microscopy
To detect the Cu, Pb, Mo, Zn, Cr, and As in the roots, shoots, and stems of mesquite,

SEM together with EDX was used. For a base reference, roots of control plants were also
analyzed. It can be seen from Figure. 6.1 that there was no metal and metalloid detected except a
little Cr. This might be a cross-contamination. However, uptake of nutrients by the root of
mesquite were easily detected in the Figure 6.1.
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Figure 6.1.

SEM micrographs and EDX spectra – Mesquite Control Root. The EDX spectra
are taken from the entire root area of control plants.

For Cu, the highest levels were inside the cortical region and then cell walls in the stele
(Fig. 6.2). A little Cu was also found in the xylem tissue. Pb levels were highest inside cells of
the stele and increased centripetally in the cell walls (Fig. 6.2). Trends in Cr distribution were not
obvious, but there was a tendency to higher levels centripetally with the highest levels found
inside cells of the stele (Fig. 6.3). Little Cu, Cr, and Pb were found in the external granules (Fig.
6.3) which suggests a barrier to apoplastic transport of Cu, Pb, and Cr into the stele, most likely
via the endodermis casparian strip (MacFarlane and Burchett, 2000). Sela et al. (2000) also
found a decrease of metal in the stele region. The endodermis although providing a degree of
selectivity to Cu, exhibited some efflux of Cu to the stele region, which was then predominantly
transported upward via the xylem. The endodermis although providing a degree of selectivity to
Cu, exhibited some efflux of Cu to the stele region, which was then predominantly transported
upward via the xylem. The endodermal casparian strip in A. marina has been seen to inhibit
apoplastic transport of other cations such as lanthanum () and magnesium (Kramer et al., 1978).
Although the plants were grown in a mixture of Cu, Pb, Mo, Zn, Cr, and As, however, As, Mo,
and Zn were not detected in the roots of mesquite.
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Figure 6.2.

SEM micrographs and EDX spectra – Mesquite Root treated with Cu, Mo, Zn,
Pb, and As. The EDX spectra are taken from the area indicated by the squares in
the micrographs.

Figure 6.3.

SEM micrographs and EDX spectra – Mesquite Stem treated with Cu, Mo, Zn,
Pb, and As. The EDX spectra are taken from the area indicated by the squares in
the micrographs.
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In the stem, only Cu was localized inside the cells in the vascular tissues, mainly in xylem
tissues. This is in accordance with a number of reports, mostly describing vacuolar localization
(Mullins et al., 1985; Denny and Wilkins, 1987). Arduini et al., (1996) however, found that in F.
angustifolia Cu was strongly accumulated within the cell walls of the cortex. Sela et al., (1998)
also found Cu accumulation in cell walls compared with cell lumen, although this may reflect
their sampling of ‘cytoplasm’, compared with our selection of electron opaque granules. Within
cells we found that Cu was often associated with the anionic elements P and/or S. Association
with P (and also K) would be consistent with binding by phytic acid (Van et al., 1987) while
association with both P and S would be expected in phy- tochelatin binding (Van et al., 1992).
Mullins (1985) also reported Cu in electron-dense bodies with S, Ca and P. Denny & Wilkins
(1987) reported a similar result for Cu and concluded that the granules were amorphous and
proteinaceous. Pb has been reported to be mainly distributed apoplastically for a range of species
including onion roots. Cr might be limited around the root surface and further transportation from
root to stem was not possible.
Finally, a small amount of Cu was found in the spongy parenchyma of the leaves section
(Figure not shown) that can be correlated with the upward translocation of Cu through xylem. In
addition, the spectra for the leaf did not find due to the lower internal concentration of metals in
the leaf cells.
6.2.1 Infrared Microspectroscopy
Using wet chemistry methods and genetic techniques some scientists have observed a
reduction in the production of certain enzymes and proteins (Singh et al., 2006), lipid content
(Gupta et al., 2005), and carbohydrates (Shankar et al., 2005) in both the root and stem tissues
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due to metals and metalloids exposure. However, these results do not illustrate how the spatial
distribution of these biopolymers changes within the plant tissue. Using the mapping ability of
the IR imaging system, functional group area maps of cross-sectioned root and stem tissues from
untreated and metals treated mesquite plants using a 6.25 µm aperture can be generated. The
spatial distribution and concentration of protein, lipid, and carbohydrate content in the roots of
untreated and metals treated mesquite can be seen in Figure 6.4. Figures 7.4 A and B show the
visible image of the cross-sectioned root tissue from untreated and metals treated mesquite
plants. Figures 6.4 C and D show the spatial distribution of proteins at 1,650 cm-1 in root tissue
from untreated and metals treated mesquite plants. (Blue denotes little or no concentration and
red denotes high concentration in the functional group maps. Refer to the intensity ruler to the
right of each functional group map.) A high concentration of protein in the xylem and epidermis
with a fairly homogenous distribution throughout the cortex of untreated root tissue was seen in
the untreated root tissue. This pattern of protein distribution was not observed in the root of the
metals treated mesquite plants. There are only a few scattered regions of high protein
concentration in the vascular region of the metals treated mesquite root tissue in conjunction with
an overall decrease in the concentration of protein throughout the root tissue. A similar reduction
in concentration and change in spatial distribution was also observed for the lipids (Figures 6.4 E
and F) and carbohydrates (Figures 6.4 G and H) in untreated root tissue and metals treated
mesquite root tissue. The spatial distribution and concentration of protein and carbohydrate
content in the stems of untreated and metals treated mesquite can be seen in Figure 6.5. A
marked reduction of protein was observed in the epidermis region of the stem of a metal treated
plant (Figure 6.5 C) when compared to the untreated stem control (Figure 6.5 D). There was

75

about a 20% decrease in the distribution of carbohydrates in the stems from metals treated plants.
This can be seen by comparing the intensity rulers to the right of Figures 6.5 E and F.

Figure 6.4. Functional group area maps showing distribution of protein, lipids and
carbohydrates in the root tissue of untreated and 250 mg kg-1 of Cu, Mo, Pb, Zn,
As, and Cr treated mesquite plants. The intensity ruler is displayed on the right side
of each functional group map. (A) Visible image of root section from untreated
(control) mesquite. Dimensions of the area studied: 468 µm x 368 µm. (B) Visible
image of root section from mesquite treated with treatments. Dimensions of the area
studied: 387 µm x 374 µm. Area under the peak centered at 1,650 cm-1 representing
the protein concentration and distribution in untreated root tissue (C) and treated
metals and metalloids root tissue (D). Area under the peak centered at 1,736 cm-1
representing the concentration and distribution of lipids in untreated root tissue (E)
and metals and metalloids root tissue (F). Area under the peaks centered at 1,100900 cm-1 representing the carbohydrate concentration and distribution in untreated
root tissue (G) and metals and metalloids treated root tissue (H).
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Figure 6.5.

Functional group area maps showing the distribution of protein and carbohydrates
in the stem tissue of untreated and 250 mg kg-1 of Cu, Mo, Pb, Zn, As, and Cr
treated plants. The intensity ruler is displayed on the right side of each functional
group map. (A) Visible image of stem section from untreated (control) mesquite.
Dimensions of the area studied: 606 µm x 668 µm. (B) Visible image of stem
section from mesquite treated with metals. Dimensions of the area studied: 737
µm x 743 µm. Area under the peak centered at 1,650 cm-1 representing the protein
concentration and distribution in untreated stem tissue (C) and metals treated stem
tissue (D). Area under the peaks centered at 1,100-900 cm-1 representing the
carbohydrate concentration and distribution in untreated stem tissue (E) and metal
treated stem tissue (F).

The decrease or damage of lipids in the root and stem tissues observed using IMS
coincides with a previous report that metal decreases the production of fatty acids and lipid
content in Prosopis spp. seedlings, particularly at 10 ppm. Others have also reported that metals
decrease the production of certain enzymes and proteins (Shankar, 2005; Singh, 2006). That was
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clearly evident by the marked decrease in the spatial distribution of proteins in the epidermis of
the roots and stems of the metals treated plants. In all cases, the reduction of protein and lipid
content was observed in two other independent sample sets. Overall, there was an average
reduction of carbohydrates in all of the roots from metal treated plants that were studied. From
this data, it is clear that IMS offers a practical alternative to wet chemistry methods to determine
the concentration and spatial distribution of plant biopolymers and to observe changes to plant
structure due to heavy metal exposure.
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Chapter 7
GENERAL CONCLUSIONS AND FUTURE RESEARCH

The goal of this research was to screen the phytoremediation potential of native plants
growing on the CMTRP at Claypool, Arizona, USA based on the hypothesis that plants growing
on mine tailings might have the phytoremediation potential. The findings of this research
strongly support the hypothesis. Desert broom (Baccharis sarothroides) exhibited a strong
accumulative ability for Cu, Mo, Cr, Zn, Pb, and As and, therefore, it might be used to
phytoremediate impacted soils at the CMTRP. It is very important to point out that the desert
broom plants naturally established themselves at this site. In general, considering the TF, EC, AF
and absolute hyperaccumulating concentration, Prosopis spp. tops the list of phytoremediation
potential, followed by Acacia constricta, Baccharis sarothroides, Tamarix ramosissima and
Vetiver zizanioides. Some of them can be used for phytoextraction and some of them for
phytostabilization of Cu, Pb, Mo, Zn, and As at the CMTRP in Arizona, USA.
This research suggests that site seeds could be a better source of plants intended to be
used for phytoremediation of soil impacted with Cu, Pb, Mo, Zn, As, and Cr. Lower
concentration of Cu in the old plants than that of the young plants of the same species was
observed. This might be due to the phytoaccumulation of metals by the old plants and showed
potential use of phytoremediation. However, further research is needed to investigate this
differential uptake by the old vs young/regrow plants.
Scanning electron microscopy studies revealed the distribution of metals within the
seedlings tissues, dominantly accumulated in the cortical and vascular (xylem) regions of root
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tissues. In the stem, most of the metal was found within the xylem tissue. Infrared
microspectroscopy studies showed the changes in plant structure induced by metal treatments. A
high concentration of protein in the xylem and epidermis with a fairly homogenous distribution
throughout the cortex of untreated root tissue was observed in the untreated root tissue.
In a summary, this research showed the phytostabilization, phytoextraction,
phytodegradation and phytovolatilization phytoremediation potential of native plants that can be
used efficiently and economically to cleanup metals and metalloids impacted soils in semi-arid
and arid environment.
The results from this research conducted by the University of Texas at El Paso are
partially presented to the Phelps Dodge Officials. The dialogue brought forward the importance
of the cleanup of mine tailings through application of phytoremediation. The results from this
research already proved metals and metalloids uptake by native plants growing on the CMTRP.
This could form the basis of future research.
A possibility for future project within the topic is to follow up on the potential effects of
phytohormones on metal uptake by native plants. The hypothesis for this project would be
“Specific phytohormones can enhance the metal uptake processes of plants”.
Another future project might be to study the genomics and proteomics of plants that are
growing on the CMTRP. Once the genes involved in metals uptake are identified, it would be
facilitating to improve the uptake efficiency of those plants. The hypothesis for this research
project would be “Genes involved in metal uptake can be artificially introduced into the plants
for improving phytoremediation”.
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